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In ecology literature, there is much data which suggests that conspeciﬁc negative density dependence
(CNDD) and abiotic disturbances increase biodiversity in forests. This thesis elucidates the notion that
not only do these two forces increase diversity, but they may also interact with one another in order to
achieve higher levels of biodiversity. Abiotic disturbances, like ﬁres and hurricanes, can indirectly
impact conspeciﬁc eﬀects because when these forces remove individuals from the landscape, the role of
the conspeciﬁc eﬀects will change. The interaction of these two factors in biodiversity are explored in
an agent based forest simulation through a resource surface. Several diﬀerent types of abiotic
disturbances are simulated with either weak or strong CNDD eﬀects in order to establish that diﬀerent
disturbances and conspeciﬁc eﬀects cause certain levels of diversity. The underlying causes for the
change in impact is also examined.
1 Introduction
Forest landscapes and forestry have become important topics in many areas such as climate change,
conservation and diversity, biological and medical research, and materials and industry [3, 7, 14, 32, 30].
These topics greatly impact society and our planet, and scientists are concerned about the overall health
in our forests today, how to accurately measure the health of a forest, and how to make accurate
predictions about the health of forest in the future. One major factor which contributes to the overall
health in a forest is measuring the amount of diversity among the species which are present. One way
to measure the level of diversity, or biodiversity, is to try to estimate the number of species in a forest
landscape. The larger the value of this number, the more species that are present, and thus the healthier
the forest can be considered. Due to the importance of biodiversity in forests, there is much research into
the factors the eﬀect the biodiversity of forests. Two of the main factors of biodiversity are conspeciﬁc
negative density dependence and disturbances.
Conspeciﬁc negative density dependence (CNDD) is the biotic inﬂuences between individuals of the
same that are detrimental to their establishment, growth, or survival [1, 12]. These negative eﬀects
increase with increasing density of the particular species type, and are minimal when a particular species
type is sparse in a forest. The modern ideas of CNDD were proposed in 1970-1971 by Daniel H. Janzen
and Joseph H. Connell, and are now referred to as the Janzen−Connell hypothesis [19, 10]. Some
examples of this phenomena are foilar pathogens, species−speciﬁc pest, or root structure competition.
These eﬀects inhibit the clustering of individuals of the same or similar species in a landscape, which
ultimately favors a more diverse population.
A second factor to forest biodiversity are abiotic disturbances. Some examples of these disturbances
are forest ﬁres, hurricanes and wind damage, and harvesting [30, 29]. Increases in biodiversity in forests
may occur when large numbers of trees are removed from a landscape during a disturbance. This removal
is followed by germination of seeds on the forest ﬂoor resulting from the open areas in the canopy that
allow sunlight. This eﬀect gives an advantage to quickly growing and light sensitive species, called early
successional species, and young individuals which have been dwelling in the undergrowth waiting for the
proper conditions to grow.
In order to examine the eﬀects of CNDD and disturbances over many generations, ecologist and
biologist use computer simulations. These simulations help to prevent the need to survey large landscapes
over many years for data. The ability to quickly change the parameters of a simulation allow researchers
the ability to consider questions like the proper techniques to maximize harvesting yield, validation of
hypothesis on biodiversity, or the eﬀects of climate change on a landscape.
There have been many models developed that simulate forest dynamics some successfully measuring
species composition and growth dynamics as early as the 1970's [21, 4]. These model vary in many
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diﬀerent aspects, including their mechanics, desired data input and output, and ultimate purpose. With
such a spectrum of forest models, it was made obvious that the current models do not seamlessly integrate
both the aspects of abiotic disturbance and CNDD in such a way that the eﬀects of each of these ideas
could be seen to interact. It was desired to develop a model which could explore these interactions inside
a forest.
2
2 Background
2.1 Introduction to Forest Simulations
Since the commercialization of computing, simulations have become essential tools in many areas of
study which are based on mathematical models. In ecology and biology, agent based models, statistical
distribution models, and the integration of diﬀerential questions using discrete time steps have become
popular topics for computation [2, 8]. Of particular relevance to forest simulations, there are spatial
models which are based on individuals, unit cells, or polygons in a landscape, and also distribution
models which are based on statistical distributions of species, diameter at breast height (DBH), and
other parameters of trees [15, 6, 16]. These simulations have become common ways to gain insight
into forest management techniques, the drivers of biodiversity, and the eﬀects of climate change and
disturbances on forests.
One of the main factors behind the vast variety of forest models is the individual goals of the particular
study. For example, a study which considers forest biomass recovery after a clear cutting by a materials
company would require a model with high ﬁdelity in both growth and seedling propagation. On the
other hand, a study used to understand the causes of biodiversity in a tropical rain forest would need
many species and the ability to model species to species interactions. Many forest models have common
underlying ideas, mathematical constructions, and results, however, many models are developed, altered,
analyzed, and presented diﬀerently based on the needs of the study.
2.2 Basic Assumptions in Forest Models
There are many diﬀerent ways to model forest landscapes, ranging from small scale agent based models
that iterate on smaller unit time steps to large scale distribution models with bulk parameters that are
suited for longer time scales on larger landscapes. The mechanics and purpose of each model change,
however most models do include the following ideas which are central to the biology in forest:
• A population
• Dynamics of the population.
• Resource competition.
• Disturbances.
• Mortality.
• Recruitment.
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How each model utilizes these aspects of forest biology is based on the data which is available to the
study, the overall purpose of the model, and the desired ﬁdelity.
A population of a forest can range from individual trees to multiple hectare stands in a grid. The
choice of how many variables to associate with any component is driven by the purpose and desired
ﬁdelity in each model. Some examples could be individual leaf coverage, individual DBH, stand basal
area, or a stand species composition.
Models can diﬀer in whether or not they include spatial aspects or the interaction with the ecosystem.
Depending on the purpose of the model, one of several diﬀerent types of these models is chosen to either
develop for a particular purpose, or parameterize a model that is already made to better suit research
needs. Several models which are similar to the model developed for the research which is presented in
this thesis are detailed in Section 3.10.
The major topic in this study is the eﬀects of CNDD and disturbance on biodiversity. Individuals in
the model perish from disturbance and create gaps in the landscape in which seedlings can establish and
grow. Since species speciﬁc eﬀects depend on neighboring trees, explicit locations for each individual
tree are tracked and examined for the interactions between them. A small time increment is used in
order to account for the dynamics when a tree perishes and is replaced by neighboring trees. As a
consequence, the landscape must be taken to be small in order to maintain a reasonable run time due
to the computational complexity present in this type of simulation [16].
Resource competition is accounted for by assessing the light level at each location in the landscape
in a resource curve. To allow species speciﬁc eﬀects to happen during seedling establishment, localized
seed dispersal is used for each individual. To eliminate edge eﬀects, a toroidal landscape is used. Finally,
disturbance in the simulation provides mortality in diﬀerent classes of individuals, which alters the light
levels in the landscape.
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3 The Model
3.1 The Agent Based Model
In order to capture the interaction between conspeciﬁc density dependency and disturbances, an agent
based model embedded in a ﬂat toroidal landscape was used. The model follows three steps loosely based
on a chronological order with the seasons, from autumn to autumn.
The primary mechanism which drives these interactions is a two dimensional mesh over the landscaped
which keeps track of the available resources to the agents at any location, referred to as the resource
surface. The calculation of this surface depends on the proximity of individuals in the landscape and
also their size in DBH. Each species also has a slightly diﬀerent impact on the surface. This surface
is used to when calculating the growth, establishment, and mortality of individuals in the landscape.
Additionally, the inﬂuence of each species type on the resource surface is further used to calculate the
species speciﬁc inﬂuence in the landscape. Additionally, species speciﬁc eﬀects are partially accounted
for by this resource curve, which alter their severity based on resource level.
The abiotic disturbances are introduced into the simulation at deﬁned intervals, and act strictly on
the individuals in the simulation by increasing mortality. Some examples of disturbances are hurricanes,
tornadoes, wildﬁres, and grazing. These disturbances aﬀect the species speciﬁc eﬀects in the simulation
because when a disturbance removes more of a particular species in the landscape, that particular
species impact on the resource surface changes. This results in a decrease in that species inﬂuence in the
landscape, and thus aﬀects the species speciﬁc interactions.
An inﬂuence diagram of the model is provided in Figure 1. It shows that the agents in the model
impact the calculation of the resource surface, the calculation of the species speciﬁc eﬀects, and the
dynamics. The surface is used to calculate the species speciﬁc eﬀects and also several of the dynamics.
The dynamics inﬂuence the agents by changing their variables, while the disturbances only aﬀect the
agents in the model by increasing mortality.
3.2 Species Selection
Four species were chosen to represent forests in the middle Atlantic region. This allowed for suﬃcient
variation in species characteristics to cover pioneer species, late successional species, and both shade
tolerant and shade intolerant species.
Black cherry (Prunus serotina) represents early successional trees in the middle Atlantic. It has
pioneering characteristics such as a large seed spreading radius, on account of transport by animals, fast
maturity, and quick proliferation of fruit. Black cherry has a smaller mature DBH and height, which
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Figure 1: Inﬂuence Diagram for Elements of the Model.
coupled with an extreme shade intolerance, makes it less competitive to late successional species in older
landscapes [5]. Black cherry responds well to disturbance because as gaps are created in the landscape,
the availability of resource will provide places for it to grow.
Yellow poplar (Liriodendron tulipifera) represents longer living pioneers in the middle Atlantic. It is
the largest species and it has the fastest growth rate of the four species in the simulation. It also has
decent seed spreading capability because its samaras, which are the seed carrying fruit of the species, are
carried by wind. Yellow poplar is a shade intolerant species, however, its quick growth rate and colossal
size make it competitive in older landscapes especially when compared to the frailty of black cherry [5].
White oak (Quercus alba) is a middle successional species in the middle Atlantic. This species is
less proliﬁc than black cherry and yellow poplar because of its slower growth rate and its acorns fall
largely under the limbs of the adult trees, making it less capable of spreading seedlings. Along with
these characteristics that make White oak slower to spread, it is much more shade tolerance than black
cherry and yellow poplar, allowing individuals of the species to dwell in the understory of a landscape
for longer periods of time [5].
American beech (Fagus grandifolia), the last species chosen, represents a late successional species in
the middle Atlantic. American beech is a medium size species which is highly shade tolerant, but has
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a much slower growth rate. The nuts which the species produces fall below the limbs of adult trees,
and can follow a seed crop pattern of two to eight years [5]. American beech is capable of living in the
understory of a landscape for extended periods of time as a smaller seedling or sapling. When larger
tree neighboring these smaller individuals die, these seedlings and saplings will be provided with an
opportunity to grow.
Table 1 shows the particular values used in the simulation. These values were derived from information
found in The United States Department of Agriculture Forest Service Agricultural Handbook - Silvics
of North America and then modiﬁed in the model until the following characteristics were found:
• Interspecies dynamics matched the above descriptions.
• Diameter at Breast Height histograms where right skewed, showing suﬃcient replacement.
• Approximately 8,000 to 10,000 individuals to hectare at a near steady state.
A sustainable forest will have a diameter at breast height distribution that is right skewed because there
must be many more smaller individuals to replace dying mature individuals to maintain a population of
adults in the forest. Observing 8,000 to 10,000 individuals to hectare, or one individual per square meter
implies that suﬃcient replace is occurring and overcrowding is limited. These metrics were considered
as valid set of criterion for a healthy forest to satisfy.
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Table 1: Parameters of each Species.
Species Black Cherry Yellow Poplar White Oak American Beech
Maximum DBH (cm) 70 220 125 135
Maximum DBH Growth (cm/yr) 1.1 2.0 1.0 0.8
Maximum Height (m) 12.5 45 25 30
Maximum Seedling Growth (m) 1.0 1.5 0.9 0.75
Maximum Seed Count (#) 75 180 95 170
Seed Radius Standard Deviation (m) 75.0 52.5 6.25 7.5
Inﬂuence Radius at 50 cm DBH (m) 4.9 4.7 5.1 6.6
Shade Tolerance Power (unitless) 1.6 1.45 0.75 0.5
Maximum Seedling Mortality Rate (%) 70 40 25 15
Maximum Adult Mortality Rate (%) 20 10 5 3
The values in Table 1 are parameters that guide the dynamics of each agents by the species of that
agent. The maximum DBH of each individual is the point at which a species will gain additional mortality
rate to simulate death from old age. It is not a true maximum. The maximum height corresponds to the
maximum DBH, and is used to calculate the curves in Figure 10. The maximum growth rates in both
DBH and height are true maximum growth rates. A ratio of the maximum growth rate is taken for each
agent at each iteration. The maximum seed count is related to the number of seed an individual would
produce at a high DBH. These values help guide the curves in Figure 5. The seed dispersal radius is a
value assigned to the standard deviation of the seed dispersal kernels shown in Figure 6, these values
are much higher for the pioneers. The inﬂuence radius of each species dictates each species usage of
resources in Figure 7 while the shade tolerance power determines the shape of the curves in Figure 9.
Finally, the mortality rates for each species guide the curves in Figures 4 and 3. The mortality rates for
the late successionals is much less than in the pioneers.
3.3 Coding
This model was developed in one hectare square landscape, measuring one hundred by one hundred
meters, with toroidal boundary conditions. The variables of each agent include:
• Location.
• Species.
• Diameter at Breast Height.
• Height.
• Age.
There are three broad classes which will be referred to in the remainder of the thesis. These classes are:
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• Seedlings, which are individuals with a height less than 1.37 meters and thus a zero DBH.
• Saplings, which are individuals with a height greater than 1.37 meters and a DBH between 0 and
10 cm.
• Adults, which are individuals with a height greater than 1.37 meters and a DBH above 10 cm.
In the initialization of the landscape, each species makes up exactly one-quarter of the population,
which creates the maximum possible gamma diversity. Also a far left skewed Beta distribution is made
for the DBH of the individuals in order to try to match the left skew nature of these data in nature.
This distribution creates several larger individuals at the onset of the simulation. The locations of each
individual are chosen at as a uniform random distribution, and then individuals which are spaced too
close together are given new locations until a minimum spacing of 0.75 meters between all trees is found.
A sample of the landscape is shown in Figure 2 and several open areas inhabited by a single yellow poplar
can be seen. A landscape similar to this one is where the yearly iteration of seasonal dynamics occurs.
3.4 Step 1
Each time increment consists of changes occurring based loosely on the seasons, from autumn to the end
of summer of the next year. The ﬁrst step of the iteration includes the natural background mortality of
individuals and the mortality from disturbances, such as late summer wildﬁres and autumn hurricanes.
This portion of the code is responsible for the following dynamics:
• The mortality of seedlings.
• The mortality of saplings and adult trees.
• The addition of disturbances.
• The decay of dead trees.
The mortality of seedlings is higher than that of mature individuals because they are much more
susceptible to death from lack of light, biotic eﬀects such as pathogens or pest, and competition with
other individuals [9, 13]. Seedling mortality from lack of sunlight and other forms of competition is
modeled by considering how much an individual grew in height the previous year and following the
decaying exponential curve shown in Figure 3, which is represented by the equation:
M(i) = α ∗ exp(−β ∗GH(i)) + γ, (1)
where GH(i) is the growth of individual i in height and α, β, and γ are parameters which depend on the
species of seedling i. The baseline mortality chance, γ, is set at 10 percent. If the seedling has a very
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Figure 2: Sample Image of Landscape after One Hundred years into a simulation.
low level of growth, then it is more likely to die. This mortality rate is species dependent, the highest in
black cherry, and the lowest in American beech.
The mortality of the more mature individuals, those which have a positive DBH, is much lower
because they have survived their initial susceptible state as seedlings. Mortality from lack of sunlight
is still possible, however, other eﬀects are assumed to be not as severe [9, 18, 13]. Similar decaying
exponential curves can be found in Figure 4 which govern the mortality for mature individuals, however,
the growth is measured in DBH and not height; this equation is similar to Equation 1, and is given by:
M(i) = α ∗ exp(−β ∗GD(i)) + γ, (2)
where GH(i) is the growth of individual i in height and α, β, and γ are parameters which depend on
the species of individual i. The baseline rate, γ is much lower in this case as each species is much more
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Figure 3: Probability of Mortality in Seedlings Vs. Growth Rate.
tolerant in general. A slightly positive DBH individual has a higher chance for death than does a fully
mature individual, which is taken to be any adult above 50 cm in DBH. As before, black cherry is the
most susceptible to lack of growth from sunlight, while American beech can sustain in environments with
little sunlight.
Disturbance is added in this stage of the iteration (around Fall and Winter) at periodic intervals.
Further explanation of the mechanics of the disturbances are presented in Section 3.7.
The last forms of mortality are those which depend on species speciﬁc interactions and those which
depends on the age of a tree. The mortality from species speciﬁc interactions is explained in Section
3.8. Trees which are very old are given an additional susceptibility to death to avoid individuals which
are very large in the landscape. Trees with a much larger DBH than their species maximum DBH (from
Table 1) have an addition chance to perish.
When a seedling dies, its remains have very little impact on the surrounding environment compared
to the remains of an adult tree because they are small in comparison. This is modeled by simply removing
a dead seedling agent from the vector of agents. However, when an adult dies, the remains may impact
the surrounding environment for several years [26]. This is modeled by allowing the agent to persist as
an agent for several years, during which its aﬀect on the resource surface will diminish linearly to zero
over several years, the equation given in Equation 5. At this point, the agent is then removed from the
vector of agents in the landscape.
11
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
DBH Growth (cm)
0
5
10
15
20
25
30
D
ea
th
 R
at
e 
(%
)
Sapling Mortality Rate vs. Growth in Diameter at Breast Height by Species
Black Cherry
Yellow Poplar
White Oak
American Beech
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
DBH Growth (cm)
0
2
4
6
8
10
12
14
16
18
20
D
ea
th
 R
at
e 
(%
)
Adult Mortality Rate vs. Growth in Diameter at Breast Height by Species
Black Cherry
Yellow Poplar
White Oak
American Beech
Figure 4: Probability of Mortality in Non-Seedlings Vs. Growth Rate.
3.5 Step 2
After mortality of individuals, abiotic disturbances, dead individuals decay, and the removal of inconse-
quential agents from the model are all accounted for in the previous step of the model. This step of the
model includes the proliferation of seeds from surviving individuals, and the calculation of whether or
not these seeds establish. This section is responsible for the following dynamics:
• The calculation of the number of seeds spawned per individual.
• The dispersal location of these seeds.
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• The determination of whether the seeds with establish or perish.
In general, the number of seeds that an adult tree produces depends the maturity of the individual.
In this model, the maturity of a tree is measured by its DBH. A logistic growth function was used to
correlate the number of seeds that an individual produces with its DBH for each species. The equation
is given by:
O(i) =
α
1 + β ∗ exp(−γ ∗DBHi) (3)
where O(i) is the number of seed that individual i produces, α represents the total number of seeds
possible, β and γ control the shape of the curve, and DBHi is the DBH of individual i. Figure 5 shows
the functions which were created. The plots each start at zero seeds for an individual which is at zero
DBH, and the seed count plateaus and follows the maximum seed count to beyond the maximum allowed
DBH for each species.
Black cherry trees are an early reproducing species and thus very quickly achieve their maximum
ability to produce seeds. Although black cherry has a high mortality rate, it is still prevalent in the
iterations of the model because of its ability to produce seeds in a short life span. Also, transport
from other forest locations can occur from the digestion of cherry seeds by animals. This is modeled by
including a small amount of cherry seeds spread throughout the landscape no matter the condition of the
cherry population in the landscape, presumed to be from outside the modeled landscape. Yellow Poplar
has the quickest growth rates and largest DBH capabilities of out of the species in the model, and thus
has a corresponding largest amount of seeds it can produce. White oak and American beech produce a
moderate amount of seeds later in their lives, which is reﬂected in the ﬁgure. American beech follows a
seed crop pattern, referred to as masting, with a 25% chance to produce many seeds and a 75% chance
to produce few seeds, making its establishment of seedlings very high about one quarter of the years in
the model. The displayed value in Figure 5 is a weighted average of the two possibilities.
After the seeds have been produced, a location for each of the seeds is created by following a Gaussian
distribution around the parent tree. The distribution depends on the species of the tree, the probability
distribution is displayed in Figure 6 for each species. This distribution has a deviation which is pro-
portional to the height of the tree. White oak and American beech have a small scaling factor, while
yellow poplar has a slightly larger scaling factor because its seeds spread further than the acorns and nuts
produced by white oak and American beech. Finally, black cherry does not follow this height scaling of
the Gaussian distribution because, in reality, cherries produce by the individuals are often transported
via animals in the landscape to far locations [5]. The probability density function for black cherry which
is presented in Figure 6 is valid for any height individual.
Each seed's location is assessed to determine the likelihood of the seeds survival. A calculation of
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Figure 6: Seed Distribution Kernels by Species.
the resource surface at its location is made in order to evaluate its probability of surviving to become a
seedling. Based on the available resources at a given location, a seed is found to either survive or not by
using a binomial calculation given its probability of survival. Finally, additional scaling is preformed to
included species speciﬁc interactions and will be explained further in Section 3.8.
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3.6 Step 3
After the proliferation and establishment of seeds in second step of the model, the growth of individuals
for the year is calculated by utilizing the resource surface. After growth is calculated, analysis of the
data is preformed and the data structure is initialized for the execution of the next iteration. Step 3 of
the code is responsible for the following dynamics:
• The growth of seedlings in height.
• The addition of a DBH for seedlings which reach breast height.
• The growth of saplings and adults in DBH followed by the growth in height.
Growth in this model is found by considering the level of inﬂuence of neighboring individuals on the
individual of interest. If there is suﬃcient crowding around an area in the landscape, then individuals
in that area grow less than individuals which inhabit more open locations. If there are large trees
neighboring one another, then they inhibit growth of others at a higher level than smaller trees in the
area. These ideas are captured in the model by allowing agents in the landscape to impact a resource
surface of which the severity is based on their DBH and species. Each agent creates an impact in the
local resource surface similar to Figure 7. This impact follows the equation,
Si,j(xi, yi, xj , yj) =
((xi − xj)2 + (yi − yj)2)n/2 + f(t)c
((xi − xj)2 + (yi − yj)2)n/2 + c (4)
where Si,j is the impact of individual j at the location of individual i, (xi, yi) is the location of individual
i, (xj , yj) is the location of individual j, n and c are parameters which depends on the species of individual
j, and f(t) is a term which controls the decay of the individual j when it dies. f(t) is zero when an
individual is alive, and increases linearly to one when the individual dies. It is given by:
f(t) = minimum(1, ty/4) (5)
where ty is the number of years the individual has been dead. When f(t) is one, the individual no long
impacts the resource surface, and is considered entirely decomposed. An example of this equation is
shown in Figure 7 for each species.
Overlapping eﬀects from agents provide a multiplicative eﬀect, given by:
Ri =
∏
j∈J
Si,j (6)
where Ri is the resource value at individual i, j is a neighboring individual, J is the set of all neighboring
individuals, and Si,j is the impact of individual j at individual i's location, which follows Equation 4.
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The distance for an individual to be considered neighboring are those which are separated by less than
10 meters. This equation captures the eﬀects on resource availability doe to local crowding. This value,
Ri, will vary between 0 and 1, with 0 representing a total absence of resources, and 1 representing an
abundance of resources, which results when there are no neighbors. An example of the combine eﬀects
from several individuals are shown in Figure 8. A very large tree is near the origin imparting a large
eﬀect, while a seedling is located toward the top of the image and imparting a small eﬀect. The resource
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Figure 8: Two Dimensional Representation of Resource Surface Impact.
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value for any individual or seed, along with that individual's tolerance level, creates a value which is
used to calculate its growth. The equation is given by:
G(i) = (Ri)
α (7)
where G(i) is the growth percentage of individual i, Ri is the resource value at individual i's location,
and α is a parameter which describes the shade tolerance of each species. Finally, in order to ﬁnd the
level of growth for the individual, the growth percentage variable is scaled by the maximum growth by
species. The growth of individual i, Gr(i) is given by:
Gr(i) = G(i) ∗MGR(i) (8)
whereG(i) is the percentage growth of individual i andMGR(i) is the maximum growth rate of individual
i. Table 1 displays the values of α and the maximum growth for each species. A graphical representation
of Equation 7 can be found in Figure 9. It shows for each species, that depending on the available resource
level, the individuals of that species will grow at diﬀerent rates. American beech has the highest tolerance
and thus the best percentage growth per resource, while black cherry is the most shade intolerant and
thus has the worst growth per available resource.
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Figure 9: Shade Tolerance Vs. Available Resources.
Seedlings ﬁrst follow the growth percentage calculation from Equation 8, and then if the individual
reaches a height of 1.37 meters a calculation is made to ﬁnd its DBH using a three parameter Weibull
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Function given by:
H(DBH) = αH(1− exp(−DBH/βH)γH ) (9)
where H(DBH) is the height of the individual and αH , βH , and γH are parameters based on the species
of the individual. The Weibull function was chosen because of its ability to closely represent empirical
data [22]. The value for DBH is found by solving the inverse of Equation 9. This function is displayed
graphically by species in Figure 10.
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Figure 10: Height Vs. Diameter at Breast Height.
Saplings and adults in the model follow a similar set of calculations, but the growth in DBH is found
ﬁrst, and then the height is adjust using Equation 9. A value is found for the resource surface at the
individual's location, which is the altered by the shade tolerance of the species to ﬁnd a percentage of
the maximum growth. This maximum growth percentage is then applied to the maximum growth in
DBH, which can be found in Table 1, in order to ﬁnd the growth in DBH of the individual. After the
growth in DBH is found, a calculation following Equation 9 is made to ﬁnd the corresponding changing
in height.
3.7 Disturbances
Disturbance is a crucial component to shaping the overall biodiversity in a landscape [1, 29, 9, 13]. The
eﬀects of gaps created by trees falling in a hurricane, cleared underbrush from a forest ﬁre, or large open
areas cleared by a tornado create opportunities for many species to grow. The severity, frequency, and
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type of disturbances can have dramatic aﬀect on biodiversity. Three categories of disturbance have been
identiﬁed for the implementation of disturbance in the model.
• Disturbance which have large impact on lower DBH individuals
• Disturbance which have large impact on higher DBH individuals
• Block disturbances
Disturbances which are more likely to eﬀect individuals in the understory of the landscape are wild
ﬁres or herbivore grazing. These disturbances were modeled using a decaying exponential from high
mortality at low DBH to low mortality at high DBH. The eﬀective cutoﬀ point in DBH is denoted by
αl, and a death rate by βl,
Mi = βl exp(−αlDBHi). (10)
αl and βl are assumed to be positive, Mi is the mortality chance of individual i, and DBHi is the DBH
of individual i. The breadth of this disturbance is controlled by αl and the severity is controlled by βl.
This and all other disturbances are incorporated into the model on a periodic bases, and the frequency
is varied.
Disturbances that are more likely to eﬀect individuals with a high DBH in a landscape are thun-
derstorms, hurricanes, or select harvesting. When modeling these disturbances on the landscape a
logarithmic growth function from low mortality at low DBH to high mortality at high DBH was used.
The eﬀective cutoﬀ point in DBH is selected using the term αh, with a death rate chosen by βh.
Mi =
βh
1 + exp(γh(DBHi − αh)) (11)
where αh and βh are assumed to be positive, with the parameter γh controlling the sharpness of the
transition between what is considered to be a low or high DBH individual. Mi is the chance of mortality
of individual i. The breadth of this disturbance is controlled by αh and γh while the severity is controlled
by βh.
Tornadoes or harvesting are disturbances that are spatial in nature. When modeling these distur-
bances in the landscape, the landscape is ﬁrst broken into individual cells and an initial cell is chosen to
be aﬀected by the disturbance. These disturbance are spread to neighboring cells in a random fashion
until the user deﬁned number of cells to be selected is met. Then for each selected cell, the individuals
are tested for removal based on percentage rate of removal. For example, an image of ﬁve aﬀected areas
in a twenty-ﬁve cell block disturbance are shown in a one hectare simulation in Figure 11.
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Figure 11: Example of a Block Disturbance.
3.8 Species Speciﬁc Interaction
A last crucial part of this model is the implementation of species speciﬁc interactions. Many diﬀerent
types of species speciﬁc interactions may exist in any given landscape, that include, root structure
competition, soil pathogens, fungal infections, pests and predators.
In order to capture the diﬀerent dynamics, a matrix is created that describes the impact of species i
on individual of species j for 1 ≤ i, j ≤ N . This matrix is NxN where N is the number of species. The
matrix is given by:
SIM =

a11 a12 . . . a1n
a21 a22
...
...
. . .
...
an1 . . . . . . ann

(12)
where SIM represents the species interaction matrix and entry aij is taken to be the inﬂuence of species
i on species j.
Now, in order to ﬁnd the level of species speciﬁc inﬂuence on an individual i in the landscape, a
species speciﬁc interaction value, V (i), is found which is a scalar quantity that represents the level of
inﬂuence of neighboring individuals, j.
This calculation uses the species interaction matrix by ﬁrst calculating the weight, W (p), of each
species type, p, from the resource curve. The weight around individual i by species, is found by consid-
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ering the complement of their inﬂuence on the resource curve, which is given by:
W (p) = 1−
∏
j∈p
Sij , (13)
where Sij is the resource impact of individual j at the location of individual i, and p is the species of
interest. The calculations for each species are then combine into a row vector:
W (P ) =
〈
W (p)
〉
, p ∈ P, (14)
with P being the set of all species.
Now, given the species of individual i, the species interaction matrix can be combine with the species
weighting around individual i by considering the Pi column of the species interaction matrix. SIMPi
gives the level of inﬂuence of each species on the species of interest, and it is column vector extracted
from the total species interaction matrix. The product of this vector with the weight of each species type
gives a scalar, V (i), which describes the severity of species interaction inﬂuences on individual i. This
equation is given by:
V (i) =W (P ) · SIMPi . (15)
After the calculation of the species speciﬁc eﬀect on each individual, V (i), it can be used in the
calculation of both the growth and mortality rate.
When V (i) is used to alter the mortality rate, it adds an additional chance of death for the individual
which is proportional to V (i). This equation is a modiﬁcation of Equations 1 and 2, and is given by:
MM(i) =M(i) + δm(i) ∗ V (i) (16)
where MM(i) is the modiﬁed mortality rate of individual i, M(i) is the original mortality rate of
individual i, and δm(i) is a factor which controls the severity of the eﬀect and depends on the species of
individual i.
When the species interaction value is used to alter the growth rate, it lowers the growth percentage
for the individual which is proportional to V (i). This equation is a modiﬁcation of Equation 7, and is
given by:
MG(i) = G(i)− δg(i) ∗ V (i) (17)
where MG(i) is the modiﬁed growth percentage of individual i, G(i) is the original growth percentage
of individual i, and δg(i) is a factor which controls the severity of the eﬀect and depends on the species
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of of individual i. This modiﬁed growth rate is kept separate from Equations 1 and 2.
3.9 Analysis Techniques
In each scenario, several types of data are saved at each time increment. These data are:
• The number of individuals in each species.
• The Age, DBH, and Height of each individual.
• The species interaction values associated with each tree.
These data are then broken into several diﬀerent types of analysis structures which are ultimately
plotted for evaluation. These structures include:
• The number of individuals by species over time.
• Class composition over time.
• Basal area by species over time.
• DBH distributions by species over time.
• Alpha, Beta, and Gamma diversity calculations using Hill numbers.
The diversity calculations which are used are those using Hill Numbers (h = 2) and (h = 5). The
calculation is given by:
Dh = (
R∑
i=1
phi )
1
1−h (18)
whereDh is the diversity calculation of Hill number h, R is the number of species, and pi is the proportion
of species i. In this simulation, there are four total species in these calculations. Also, at least one species
will be present on the landscape, so this number should never drop below one. This calculation is made
at the level of the entire landscape, called the gamma diversity, and also made inside twenty-ﬁve cells that
divide the landscape, making a value for the alpha diversity. The gamma diversity gives a measurement
of the overall diversity in a landscape, while the alpha diversity measure local diversity. The ratio of these
two quantities, the gamma diversity to alpha diversity, is the beta diversity, and can give an estimate
of how well mixed the landscape is. Although no plots of these data are displayed here, they will be
explained further when they are encountered in Section 5.
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3.10 Description of Other Models
There are a vast number of forest models that are currently used for research in forestry and ecology
[16, 27, 25, 11, 17, 31, 20, 27, 28, 24]. Two of these models are LANDIS and SORTIE. LANDIS and
SORTIE are both spatially explicit models which capture stand dynamics on a unit cell level and simulate
disturbances, light levels, and use multiple species [16]. They satisfy many of the needs in this study,
however, they do fall short in some aspects.
SORTIE accounts for location, species, life stage, and size on a single tree basis, on a yearly time
increment [6, 24]. Some dynamics are governed by processes on a grid level and not an individual
locations. LANDIS considers large unit cells which account for the number of trees in cell, species
composition, and average DBH. The changes in the cells like establishment, growth, mortality, etc are
governed by processes on the stand level [15, 28]. The use of unit cells in these models diﬀers from our
model.
In SORTIE, seed dispersal and several other processes depend on each individual which are embedded
in a toroidal landscape. However, seeds are created at the grid level, and do not land for establishment
at individualized locations [6, 24]. In our study, establishment and growth for each seed depends on the
immediate neighbors. Resource and light level competition in LANDIS are kept track of at the stand
level. This results from the fact that the simulation is intended to act on very large scale plots for very
long time scales [15, 28] and is not suﬃcient to track light levels changes in small gaps from disturbances.
Forest simulations can include many diﬀerent types of disturbance events. These include ﬁres, large
hurricanes, harvesting, or herbivore predation. Our model addresses these types of disturbance in a
simple forms, however, other models have similar or more advance ways to implement these individual
disturbances or even many at once.
The LANDIS model examines disturbances which impact mainly individuals with a small DBH with
its implementation of ﬁre. When adding ﬁre to a model in the modern LANDIS model, the chance of
mortality for each pixel in the model decreases with the maturity of the class, creating a set of class
susceptibility parameters. The addition of the ﬁre can be altered in both frequency and severity, and is
ultimately referred to as semi-stochastic in nature [15, 28].
The next type of disturbance is those which eﬀect large DBH individuals. This type of disturbance
is often related to wind because as a tree becomes larger, it feels more force from winds. The modern
LANDIS models implements the inﬂuence of wind by calculating the chance of wind eﬀects in each unit
cell. This inﬂuence increases as DBH increases [15, 28]. SORTIE can address wind eﬀects in either
increasing mortality inside circles in the landscape, or increasing the mortality of all individuals in the
landscape.
Lastly, spatial disturbances are those disturbances which happen in particular areas of the landscape,
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and do not necessarily depend on the parameters of the individuals. The SORTIE model includes
these types of disturbances by either using partial clear cutting of the landscape or creating circles in the
landscape which have high levels of mortality for the individuals inside them, as mentioned before [6, 24].
The LANDIS model provides a function which follows the process of typical harvesting techniques by
dividing the landscape into diﬀerence sections which are harvested for the resources. LANDIS provides
many diﬀerent ways to periodically revisit each section.
Note that some forest simulations also include eﬀects from the ecosystem, model biotic infestations,
and potentially account for the climate [15, 6, 16, 28, 24].
All the properties in SORTIE are similar to our model, however, SORTIE calculates light levels
and seed dispersal on a unit cell level, which can potentially prohibit high ﬁdelity in species to species
interactions [6, 24]. Although LANDIS is being developed to this day, it does not properly suit the needs
of this study because species speciﬁc interactions are not modeled at the individual level inside the unit
cells [15, 28].
Other models which are similar include FACET, LANDSIM, and MOSAIC, which are also spatially
explicit [16].
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4 Scenarios without Disturbance
This study focuses on the interaction between species speciﬁc eﬀects and disturbances. First, consider
the case without disturbance. To examine the extremes, consider the case with weak conspeciﬁc eﬀects
where species eﬀect one other similarly and another case with only strong conspeciﬁc eﬀects where each
species strongly impacts itself. To examine these cases, two diﬀerent species interaction matrices are
considered. For a weak conspeciﬁc interaction the matrix is given by:
SIM(Weak) =

0.5 0.5 0.5 0.5
0.5 0.5 0.5 0.5
0.5 0.5 0.5 0.5
0.5 0.5 0.5 0.5

. (19)
Note that SIM(Weak) indicates an inter-species interaction in which the eﬀects are equal in interaction
between similar and diﬀerent species. In the worst case of growth percentage decrease and additional
mortality rate, this matrix can achieve only half the maximum achievable value that can be found in the
species speciﬁc interaction matrix which is given by:
SIM(Strong) =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

. (20)
In this case, SIM(Strong) is indicative of a species interaction matrix in which there are only conspeciﬁc
eﬀects. The changes to the growth rates in the scenario were taken to be at most a 20% decrease to
seedlings, a 5% decrease to a saplings, and a near zero eﬀect on adults. The changes to the mortality
rates were taken to be at most a 35% increase to seedlings, a 10% increase to saplings, with near zero
eﬀect on adults. These values were selected because it is known that there is a high level of impact
on seedlings when compared with adults [23]. The weak conspeciﬁc eﬀect manifests in the scenario by
forcing younger individuals to prefer additional separation from all individuals. In the scenarios which
use a strong conspeciﬁc, younger individuals prefer maximal separation from their parents and member
of the same species. There is a noticeable diﬀerence between the weak conspeciﬁc model and the strong
conspeciﬁc model. The strong conspeciﬁc model should favor more overall diversity because it will push
away species of the same type, creating opportunities for other species to establish.
In the following, ﬁfty simulations where carried out each over the ﬁve hundred year period, and then
the median, upper quartile, and the lower quartile values where found across all simulations for class
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composition, basal area, number of individuals by species, DBH, diversity calculations, and also the
species interaction values.
4.1 No Disturbance and Weak Conspeciﬁc Eﬀects Scenario
First a comparison of weak versus strong conspeciﬁc eﬀects is conducted. These simulations are ones
which use the matrices in 19 and 20 over ﬁve hundred years on the one hectare landscape with the same
initial conditions at the start of each run. The sensitivity to the initial conditions is explored in Section
4.2.
In Figure 12 we can see a steady state starting to occur after 300− 400 years. There are very high
levels of ﬂuctuation in the number of seedlings on the current season, outlined in blue, because the cyclic
nature of the beech seed propagation creates wide variant in the number of seedlings established each
year. These eﬀects are also present in the older seedling population, out lined in orange, and also the
sapling population, which is outlined in yellow. Note that in the adult population, this wide ﬂuctuation
is not noticeable.
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Figure 12: Median Class Composition of Simulations in the Presence of Weak Conspeciﬁc Eﬀects.
Generally the pioneers, black cherry and yellow poplar, will be surpassed by the late successional
species, white oak and American beech. Figure 13 shows this phenomena occurring in the context of
basal area of each species in the landscape over time. Black cherry quickly loses volume in the landscape
in favor of the other species. The yellow poplar and white oak dwindle until they are essentially removed
from the landscape at approximately half way through the simulations. Note that although white oak
is a later successional species, it is also out performed by the American beech, which is on account of
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the additional detrimental eﬀects cause by the species interaction with the American beech. This will
be explained further in Section 4.3, in short, in the event where there is no eﬀect between these two
species, white oak survives much better. Additionally, it is shown that yellow poplar dwindles instead of
immediately disappearing as black cherry has. This indicates that the larger size and growth rate along
with a slightly better shade tolerance present in yellow poplar individuals is providing the species with
higher survivability.
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Figure 13: Median Basal Area by Species of Simulations in the Presence of Weak Conspeciﬁc Eﬀects.
In Figure 14, we see that the black cherry are essentially gone from the landscape very early in
the simulations. This is due to the species inability to compete with the late successional species. The
yellow poplar and white oak populations dwindle, and around half way through each simulation, they are
essentially removed from the landscape. The few yellow poplar individuals in this ﬁgure are accounting
for the large portion of Basal area in Figure 13. There are some ﬂuctuation in the number of American
beech present in the landscape toward the end of the simulations, however, the overall size of the species
is approximately constant across all simulations as indicated in Figure 13.
In Figure 15, we can see over time that the median DBH of each species makes sense relative to the
growth rates chosen for each species. Black cherry, white oak, and American beech have been chosen to
have similar growth rates, and thus have a similar median DBH value. Yellow poplar was taken to have
a much larger growth rate, which manifests in the scenario by that species having a higher median DBH
value.
Figures 16 and 17, displays very little diﬀerence between the calculations which are made on all the
individuals, displayed in Figure 17 compared to those made on only the established individuals, displayed
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Figure 14: Median Number of Established Individuals by Species of Simulations in the Presence of Weak
Conspeciﬁc Eﬀects.
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Figure 15: Median Diameter at Breast Height by Species of the Simulations in the Presence of Weak
Conspeciﬁc Eﬀects.
in Figure 16. Calculating the diversity on only the established individuals prevents the ﬂuctuation which
results from the seedling population. In either case, the diversity quickly declines in the simulations as
the American beech pervades the landscape. There is an initial large decrease in Hill numbers on account
of the black cherry which were present at the beginning but quickly disappear from the landscape. There
is an approximately one hundred year steady decline in the Hill numbers as the yellow poplar and white
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oak dwindle. During this period, the Beta diversity ﬂuctuate away from a value of one because small
cohorts of yellow poplar and white oak are present. This is similar to what is seen in Figure 2 where one
larger tree in a species is sustaining a population inside an alpha diversity calculation grid.
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Figure 16: Median Hill Numbers in Adults of the Simulations in the Presence of Weak Conspeciﬁc Eﬀects.
0 100 200 300 400 500
Year
1
2
3
4
A
lp
ha
 N
um
be
r
Median Alpha Hill Number
0 100 200 300 400 500
Year
0
1
2
3
4
B
et
a 
N
um
be
r
Median Beta Hill Number
0 100 200 300 400 500
Year
1
2
3
4
G
am
m
a 
Nu
m
be
r
Median Gamma Hill Number
Hill Number 2
Hill Number 5
Median Diversity Calculations on 
 All Individuals (Including Seedlings) 
 in Landscape using Hill Numbers
 Simulation: Weak Conspecific Interactions with No Disturbance
Figure 17: Median Hill Numbers in All Individuals of the Simulations in the Presence of Weak Conspeciﬁc
Eﬀects.
Figure 18 is included here for veriﬁcation and future comparison. The ﬁgure displays the calculation
of the species speciﬁc interaction value from Equations 13 to 15 over time. This ﬁgure shows that black
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cherry individuals have a lower species speciﬁc interaction value, on account of those species are not
establishing in places with high competition. The yellow poplar individuals have a lower species speciﬁc
interaction value because they tend to be larger on average, creating larger canopy coverage, and less
competition around them. Finally, both white oak and American beech have a very high value for
the species speciﬁc interaction because they can sustain in more competitive environments, which have
higher concentrations of individuals, and thus a higher value for the species speciﬁc interactions. Note
that toward the end of the simulations, when yellow poplar and white oak are nearly removed from the
landscape, this value starts to ﬂuctuate, because the sample size is too small.
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Figure 18: Median Species Speciﬁc Interaction Value by Species of the Simulations in the Presence of
Weak Conspeciﬁc Eﬀects.
4.2 Sensitivity of Initialization in No Disturbance andWeak Con-
speciﬁc Eﬀects Scenario
Next, we examine the eﬀect of starting with a diﬀerent initial landscapes at the start of each simulation.
There are the same initial number of individuals from each species with a selection for their DBH from
the same distributions and also a new set of locations are created.
When comparing the class composition in Figures 12 and 19 we can see that the same trends are
apparent. There is still ﬂuctuation in the number of seedlings with slightly less ﬂuctuation present in the
number of saplings. The adult population is nearly steady in both cases with minimal ﬂuctuation. The
one noticeable diﬀerent is that at the beginning of the scenario, the shaping of the increase in saplings
is slightly diﬀerent, but well within reason.
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Figure 19: Median Class Composition Values of the Simulations in the Presence of Weak Conspeciﬁc
Eﬀects with Diﬀerent Initializations of the Landscape.
In the comparison of basal area between these two diﬀerent starts to the simulations, Figure 20 is
almost identical to Figure 13. The initial value for median basal area in yellow poplar is slightly higher
in Figure 20 and the white oak population tends to ﬂourish in the ﬁrst few years of the simulations,
while white oak is actually in a decline in Figure 20. Both of these eﬀects are well within reason, and do
not appear to eﬀect the overall trends of the landscape through time.
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Figure 20: Median Basal Area by Species of the Simulations in the Presence of Weak Conspeciﬁc Eﬀects
with Diﬀerent Initializations of the Landscape.
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The comparison of the number of established individuals in Figures 14 and 21 is similar to the basal
area comparison above. Figure 14 shows that the number of yellow poplar is slightly too high while the
number of white oak is slightly too low. This could be a result from the fact that the initialization of the
landscapes for Figure 14 have more larger yellow poplar and more smaller white oak. This would create
more yellow poplar and less white oak. Despite this small change in yellow poplar and white oak, the
scenario was still consistent.
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Figure 21: Median Number of Established Individuals by Species of the Simulations in the Presence of
Weak Conspeciﬁc Eﬀects with Diﬀerent Initializations of the Landscape.
When comparing Figure 22 to Figure 15, we can note the same trends. Black cherry, white oak, and
American beech are all at a lower median DBH, of approximately 2, white the yellow poplar has a higher
median DBH. There is some noticeable change in the initial value of DBH for both yellow poplar and
white oak, which has already been noted, but is explicitly shown here.
Finally, there is an explainable diﬀerent diﬀerence in the calculation of adult diversity between Figures
16 and 23, which is that the alpha and consequently the beta numbers are diﬀerent. This more than
likely due to a small cohort of individuals of the same species which are established in one area of the
landscape are causing the alpha number to be much diﬀerent than a more uniform landscape. However,
the overall trend of decay in the ﬁrst half of the scenario, when the species other than American beech
dwindle, is present.
Overall, this scenario is slightly sensitive to ﬂuctuation to the initialization of the landscape. If a
skewed distributions of individual DBH in a species or a non-uniform placement of individuals in the
landscape was used consistently, the results of the scenario would more than likely not be accurate.
The notable result from this analysis is that when using a new initialization of landscape, a better
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Figure 22: Median Diameter at Breast Height by Species of the Simulations in the Presence of Weak
Conspeciﬁc Eﬀects with Diﬀerent Initializations of the Landscape.
0 100 200 300 400 500
Year
1
2
3
4
A
lp
ha
 N
um
be
r
Median Alpha Hill Number
0 100 200 300 400 500
Year
0
1
2
3
4
B
et
a 
N
um
be
r
Median Beta Hill Number
0 100 200 300 400 500
Year
1
2
3
4
G
am
m
a 
Nu
m
be
r
Median Gamma Hill Number
Hill Number 2
Hill Number 5
Median Diversity Calculations on 
 All Individuals (Including Seedlings) 
 in Landscape using Hill Numbers
 Simulation: Weak Conspecific Interactions with No Disturbance
Figure 23: Median Hill Numbers in Adults of the Simulations in the Presence of Weak Conspeciﬁc Eﬀects
with Diﬀerent Initializations of the Landscape.
representation of the overall trends is seen. Therefore, it is a good idea to reinitialize the landscape for
every run.
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4.3 No Disturbance and Strong Conspeciﬁc Eﬀects Scenario
Consider the strong conspeciﬁc eﬀects case using (20) over ﬁve hundred years on a one hectare landscape
with no disturbances. The expectation is the diversity will increase when compared to the scenario which
utilizes weak conspeciﬁc eﬀects. The sensitivity to the initial conditions is explored in Section 4.4.
From a comparison between the class composition in Figures 12 and 24, we see that same settling to
high levels of saplings with about 10% adults in the landscape. The one noticeable diﬀerence is that in
the strong conspeciﬁc scenario, the level of seedlings and saplings present in the landscape is slightly less.
This is a result of the fact that the total level of species speciﬁc interaction is higher in this scenario.
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Figure 24: Median Class Composition of the Simulations in the Presence of Strong Conspeciﬁc Eﬀects.
In a comparison of the basal area by species between the weak and strong conspeciﬁc eﬀects scenarios,
it is abundantly obvious that the addition of stronger conspeciﬁc eﬀects creates much diﬀerent dynamics
in the simulations. Figure 13, which utilizes the weak conspeciﬁc eﬀects, has both yellow poplar and
white oak dwindling quickly until at about half way through the scenario where they are removed from
the landscape. On the other hand, Figure 25 shows that not only do yellow poplar and white oak stay in
the scenario for a longer period of time, but also they appear to nearly stabilize in landscape. Also, the
white oak population seems to have a better survival rate than the yellow poplar in this case, which was
not the case in Figure 13. Black cherry still quickly disappears from the landscape, however, with the
total number of individuals, the black cherry population is better oﬀ than it was in the weak conspeciﬁc
eﬀects scenario.
When considering the total number of individuals in the landscape by species, the same changes in
the basal area comparison can be seen. Figure 26 shows that that yellow poplar and white Oak are both
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Figure 25: Median Basal Area by Species of the Simulations in the Presence of Strong Conspeciﬁc Eﬀects.
more established, with yellow poplar perhaps meeting a steady state. Black cherry takes several more
years before they are not prevalent in the landscape than in Figure 14. When inspecting the y-axis, the
total number of American beech in the scenario has decreased by an appreciable amount. This is a result
of the fact that the species speciﬁc interaction value has increased in the American beech population,
which creates less growth and more mortality in the species.
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Figure 26: Median Number of Established Individuals by Species of the Simulations in the Presence of
Strong Conspeciﬁc Eﬀects.
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Considering the median DBH of each species in the landscape, we can see again that because yellow
poplar is the quickest growing species, it has a median DBH much larger than the other species. A
noticeable diﬀerence between Figure 15 and Figure 27 is that the high levels of ﬂuctuation at the end of
the simulations are no longer present. All four species stay established in the landscape, and thus the
ﬂuctuation that is present when each species nears extinction is no longer present.
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Figure 27: Median Diameter at Breast Height in Species of the Simulations in the Presence of Strong
Conspeciﬁc Eﬀects.
Diversity levels have increased in the scenario when the strong conspeciﬁc eﬀects are included. Figure
28 shows drastic increases in the diversity levels in the landscape when compared to Figure 16. Not only
do higher levels of alpha and gamma diversity exist for longer periods of time, but the end behavior of
these values is well above one eﬀective species. In Figure 16, the ending values for the alpha and gamma
numbers are near one, indicating exclusively American beech.
Finally, there are substantial changes to the median species speciﬁc interaction values resulting from
(20) being used in Equations 13, 14, and 15. Figure 29 shows that American beech suﬀers severely from
this change in the conspeciﬁc eﬀects, even more so as in Figure 18. This amounts to creating less growth
and more mortality to American beech. On the other hand, since there are many more American beech
than any other species, these species speciﬁc eﬀects impart a lesser eﬀect on the other species. Note that
white oak maintain a non-zero level of species speciﬁc interaction, because their numbers are reasonably
established, and oﬀspring often establish around parents. The species speciﬁc interaction value for yellow
poplar approaches zero as the members in the species dwindle to levels much less than when compared
to white oak. Yellow poplar has a much better ability to distribute seeds across the landscape, so often
the oﬀspring of a parent will not establish as close to adults as white oak. This factor drives their species
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Figure 28: Median Hill Numbers in Adults of the Simulations in the Presence of Strong Conspeciﬁc
Eﬀects.
speciﬁc interaction values to very low levels.
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Figure 29: Median Species Speciﬁc Interaction Value by Species of the Simulations in the Presence of
Strong Conspeciﬁc Eﬀects.
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4.4 Sensitivity of Initialization in No Disturbance and Strong
Conspeciﬁc Eﬀects scenario
As before, the analysis of the dynamics from Section 4.3 happened on a single set of initial conditions.
We again determine whether these dynamics are speciﬁc to the particular initialization of the landscape.
A second set of simulations were run using all the same parameters, but with diﬀerent initial landscapes,
to verify that the strong conspeciﬁc eﬀects simulations are not sensitive to the initial landscape.
The class composition in these diﬀerent initial condition simulations, which is shown in Figure 30, is
very similar to what is seen in Figure 24. However, the overall trends are similar, suggesting that the
initialization of the landscape does not impact the over class composition.
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Figure 30: Median Class Composition of the Simulations in the Presence of Strong Conspeciﬁc Eﬀects
with Diﬀerent Initializations of the Landscape.
The trends in the basal area in the landscape by species are almost identical in Figure 25 when
compared to Figure 31. The only change is the year in which white oak outnumber yellow poplar is
much later in Figure 31. This could be the result of having too few yellow poplar early on in the
simulations with the same initial conditions. This is the case when looking at Figure 32 and comparing
it to Figure 26. The number of yellow poplar are much too low in the simulations with the same initial
conditions. However, it is worth noting that despite this large diﬀerence in the Yellow Poplar population,
the overall trends present in these plots is unaﬀected. Note that in either scenario, black cherry remains
in the simulations for a longer period and yellow poplar and white oak stay established when compared
to the weak conspeciﬁc species speciﬁc eﬀects scenario.
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Figure 31: Median Basal Area by Species of the Simulations in the Presence of Strong Conspeciﬁc Eﬀects
with Diﬀerent Initializations of the Landscape.
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Figure 32: Median Number of Established Individuals by Species of the Simulations in the Presence of
Strong Conspeciﬁc Eﬀects with Diﬀerent Initializations of the Landscape.
When considering the median DBH present in each species, Figure 27 relative to Figure 33 appears
nearly identical. The same trend which is expected, that of black cherry, white oak, and American beech
all lower in median DBH to that of yellow poplar is present.
Finally, the diversity values are essentially the same as in the case of the same initial conditions.
Figure 34 has the same long term diversity values which are well above one eﬀective species.
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Figure 33: Median Diameter at Breast Height in Species of the Simulations in the Presence of Strong
Conspeciﬁc Eﬀects with Diﬀerent Initializations of the Landscape.
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Figure 34: Median Hill Numbers in Adults of the Simulations in the Presence of Strong Conspeciﬁc
Eﬀects with Diﬀerent Initializations of the Landscape.
4.5 Summary
A summary of the plots presented in the section are displayed in Tables 2 and 3. These data are also
displayed graphically in the appendix. Those tables display calculations of the median for the relevant
metrics over the last one hundred years of the scenario. This comparison can further elucidate the
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comparisons which were drawn in the previous ﬁgures. The main conclusions which are drawn from this
initial analysis are that:
• The conspeciﬁc eﬀects work as intended in the model.
• There is minimal variation from simulation run to simulation run inside of a single simulation type.
• The trends which are identiﬁed are not sensitive to the initialization of the landscape in the sce-
narios.
The implications of the change to conspeciﬁc eﬀects exclusively are obvious in the comparisons be-
tween scenarios. The other species become more prevalent, surviving much longer. The conspeciﬁc
eﬀects on American beech become exacerbated, ultimately manifesting as a much larger species speciﬁc
interaction value when compared to the values in the other species. Also, the Hill number calculations
show that the landscapes have a higher level of diversity.
When inspecting the upper and lower quartile values relative to the median values for any of the
plots, it can be concluded that between any simulation of the same type, the same trends ultimately
manifest. This is an excellent result, telling us that the underlying mechanics in this simulated forest
are not terribly sensitive to perturbation.
In Table 2, the relevant metrics in the scenarios are summarized by ﬁnding their median values across
all the last one hundred years of the simulations. Recall that these values are ﬁrst summarized by a
median value across all the simulations of each type. It follows that the numbers displayed here are
actually the median across all simulations of a single type and then a median across all years of the
simulations. These values are reported as a median and then plus or minus the inner quartile range.
These metrics are reported for each combination of initialization and level of conspeciﬁc interaction in
each of the columns. Note that the class composition is measure by number in the one hectare landscape
and the established individuals values are measured in total amount of individuals with a nonzero DBH.
In Table 3, the hill number diversity values are reported for each combination of initialization types
and level of conspeciﬁc interaction in each of the columns. Again, these numbers are summarized by
ﬁnding their median values across all the years of the simulation after the median is taken over all
simulations. The values are reported as the median and plus or minus the inner quartile range. The
alpha and gamma numbers measure the number of eﬀective species in the landscape, while the beta
diversity gives a measure of how well distributed the species are in the landscape.
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Table 2: Tabulation of Model Metrics of Simulations without Disturbance
Sim. Metric Species/Class Weak Eﬀect
Same Initial
Weak Eﬀect
Diﬀerent Initial
Strong Eﬀect
Same Initial
Strong Eﬀect
Diﬀerent Initial
Basal
Area
(m2/ha)
Black Cherry 0.025±0.035 0.024±0.033 0.062±0.060 0.055±0.050
Yellow Poplar 0.032±1.275 0.087±1.318 3.757±6.122 2.444±4.508
White Oak 0.171±0.836 0.226±0.681 7.210±3.811 7.421±3.058
American Beech 96.143±5.772 96.080±5.581 77.563±5.791 79.879±5.825
All Individuals 98.061±5.445 97.697±5.669 90.389±5.576 90.433±4.676
Class
Compo-
sition (#)
Season's Seedlings 288±110 286±113 384±167 384±2663
Other Seedlings 3293±2732 3322±2586 2726±2132 2905±2311
Saplings 6802±2189 6835±2044 5907±1702 6045±1736
Adults 1731±218 1734±215 1525±190 1534±206
All Individuals 13069±4397 13010±4356 11301±3420 11789±3638
Diameter
At Breast
Height
(cm)
Black Cherry 1.879±1.829 1.836±1.687 2.215±1.353 2.131±1.289
Yellow Poplar 1.893±4.968 2.852±5.067 4.591±1.703 4.854±1.768
White Oak 1.115±5.071 1.378±4.490 2.108±0.884 2.078±0.794
American Beech 1.695±1.729 1.674±1.588 1.580±1.744 1.585±1.765
All Individuals 1.694±1.727 1.687±1.573 1.688±1.608 1.644±1.626
Established
Individuals
(#)
Black Cherry 11.5±9 11±9 24±14 21.5±12
Yellow Poplar 3±34 3.5±43 180±242 119±189
White Oak 9.5±55 16±64 625±331 649.5±283
American Beech 8445.5±2257 8515.5±2052 6488.5±1765 6768±1879
All Individuals 8519±2222 8637.5±2057 7415±1732 7570.5±1817
Species
Interaction
Values
(a.u.)
Black Cherry 0.200±0.074 0.200±0.074 0.000±0.000 0.000±0.000
Yellow Poplar 0.145±0.262 0.215±0.275 0.001±0.005 0.001±0.003
White Oak 0.428±0.226 0.422±0.207 0.103±0.062 0.102±0.057
American Beech 0.455±0.009 0.454±0.010 0.818±0.035 0.830±0.035
All Individuals 0.455±0.009 0.454±0.010 0.780±0.056 0.799±0.056
Table 3: Tabulation of Model Diversity without Disturbance
Hill
Number
Scope Weak Eﬀect
Same Initial
Weak Eﬀect
Diﬀerent Initial
Strong Eﬀects
Same Initial
Strong Eﬀects
Diﬀerent Initial
2
Alpha 1.000±0.000 1.000±0.000 1.247±0.330 1.201±0.329
Beta 1.007±0.017 1.007±0.018 1.032±0.220 1.033±0.231
Gamma 1.010±0.024 1.015±0.020 1.307±0.182 1.263±0.156
5
Alpha 1.000±0.000 1.000±0.000 1.259±0.323 1.203±0.235
Beta 1.003±0.009 1.005±0.012 0.940±0.201 0.971±0.167
Gamma 1.006±0.015 1.010±0.013 1.193±0.115 1.165±0.096
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5 Scenarios
The goal in this study is to understand the eﬀects of diﬀerent disturbance types in the presence of diﬀerent
species speciﬁc interactions on the diversity in the landscape. In order to examine these interactions, a
selection of each disturbance type was taken along with a species speciﬁc interaction type and then the
frequency and severity of the disturbance was varied. The possibilities of three diﬀerent disturbances
at three diﬀerent levels of intensity along with two diﬀerent species interaction regimes creates a total
of eighteen diﬀerent simulation types which were conducted without disturbance and discussed. These
simulations were run with varied initializations of the landscape as opposed to a single initialization,
and should not impact dynamics, as was outlined in Section 4. The results from these simulations
are presented in the remainder of this section and analyzed in reference to one another and also the
simulations with no disturbance. A table which summarizes the plots at the end of each of the subsections.
5.1 Weak Conspeciﬁc Interaction with Understory Disturbances
Scenario
The ﬁrst regimes of exploration are scenarios which consider a disturbance to low DBH individuals in
the landscape. Prominent examples of these types of disturbance are forest ﬁres or predation from
herbivores. The potency of the disturbance is varied by altering either the frequency of the disturbance
or the severity of the disturbance. The eﬀects on the number and DBH of the established individuals
sorted by their species are discussed and the changes in diversity levels are explained in conjunction with
the observed changes to the parameters of the agents.
5.1.1 Low Frequency, Low Intensity
Initially, the understory disturbance is taken to mostly impact individuals with a DBH below 2.5 cm,
following an exponential decay with respect to DBH. The interval between each disturbance was initially
taken to be 25 years. In this low frequency, low intensity disturbance to low DBH individuals in the pres-
ence of weak conspeciﬁc interactions scenario, there are some eﬀects when compared to the simulations
with no disturbance which can be readily observed and explained.
An important change happens in the basal area and number of established individuals in the landscape
start to favor yellow poplar and slightly increase in white oak. These same metrics in the American beech
population have a substantial decrease. The combine eﬀect maintains a nearly constant basal area across
all species in the stand. The median DBH among all individuals decreases slightly, but the median DBH
for yellow poplar population increase. There is an increase in the established number of yellow poplar
at the onset of the simulations, with a several year plateau in the white oak numbers, which was not
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previously present. The number of established black cherry does slightly increase in this scenario when
compared to a scenario without disturbances, however, the species does not really becomes well establish
in the landscape. Also note that the number of total individuals in the landscape decrease with the
addition of this disturbance. These observations can be seen visually when comparing Figures 20 and 21
to Figures 35 and 36 and numerically when comparing the second column of Table 2 to the ﬁrst column
of Table 4. Visual comparisons of the data in these tables are available in the appendix for this and all
other scenario types.
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Figure 35: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to Low DBH Individuals
The results which are seen in basal area and established trees by species coupled with the fact that
the overall basal area in the landscape remains nearly constant shows that yellow poplar ﬂourish in the
presence of the disturbance to low DBH individuals. This is consistent with species that tend to grow
quicker, making them much higher in DBH, and thus less prone to death from this type of disturbance.
The decrease in the number of individuals in the landscape can be attributed to the massive loss of
young individuals at each disturbance. This causes generations of young individuals in the landscape to
not properly replace the older generations. This also results in a decrease in the number of adults in the
landscape, however the ratio of adults does increase.
In terms of diversity in this scenario, there is a slight increase in the alpha and gamma diversity,
mostly at the onset of the simulations while yellow poplar and white oak stay established for a longer
period. The diversity levels toward the end of the scenario are still nearly one, representing exclusively
American beech. This increase is so small because despite the fact that the basal area has shifted toward
yellow poplar, the total number of yellow poplar has increased only marginally. There are many more
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Figure 36: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Disturbance to Low DBH Individuals
larger yellow poplar, but the overall number of yellow Poplar has not increased enough for long periods
of time to impact the diversity levels long enough. The changes in diversity can be seen when comparing
Figure 23 with Figure 37 and can be compared numerically by examining the second column of Table 3
and the ﬁrst column of Table 5.
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Figure 37: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to Low DBH Individuals
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5.1.2 High Frequency, Low Intensity
Next, an increase of the frequency in the understory disturbance was examined in order to further
accentuate the eﬀects from this disturbance. In the model, the change was achieved by decreasing the
interval between disturbances from 25 years to 10 years and running the simulations again.
Increasing the frequency of this disturbance had a very large impact on the eﬀect on American beech,
further decreasing their overall numbers severely. The overall impact on basal area in the landscape
was changed slightly, however, the relative changes in yellow poplar and white oak were increased. The
increase in yellow poplar was approximately ﬁve times higher in terms of the basal area for that species
in these simulation as opposed to those with no disturbance. Black cherry did slightly better in terms
of established individuals than in the low frequency, low severity scenario, however, it decreased in its
DBH value substantially, which indicates smaller trees in the species. Finally, it is worth noting that the
median DBH in total and in each of the species decreases when the frequency of disturbance is increased,
with yellow poplar not being impacted. With the increase in frequency, there is a continued loss of total
individuals in the landscape. These observations can be seen visually when comparing Figures 35 and
36 to Figures 38 and 39, and numerically when comparing the ﬁrst and second of column of Table 4.
Note that in a comparison of the established individuals, the decay of yellow poplar and white oak in
the landscape is much more gradual.
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Figure 38: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to Low DBH Individuals
The trends of favoring yellow poplar and white oak are exacerbated with the increase in frequency
of the understory disturbance. The clearing away of young American beech from the landscape provides
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more opportunity for the more rare species to control portions of the landscape because of less seedling
and sapling competition. Although the median DBH of the yellow poplar decreased when the frequency
of the disturbance was increased, the overall numbers of yellow poplar increased. This indicates that
perhaps the propagation of pioneer species is easier with open areas that lack seedling competition.
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Figure 39: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Disturbance to Low DBH Individuals
When considering the overall eﬀect of increasing the frequency in the understory disturbance in the
weakly conspeciﬁc scenario, we can see that both the alpha and gamma diversity have dramatic increases.
The most noticeable changes in the diversity occur in the ﬁrst half of the scenario because there is a
sustained population of yellow poplar and white oak. Not only is there a substantial increase in diversity
at the start of the simulations, but also there is an increase toward the end of the simulations which
results from the fact that both yellow poplar and white oak are nearly permanently established in this
scenario. Not only has the basal area in the landscape become more evenly spread across the species,
but also the overall diversity level has increased, to having nearly two eﬀective species established. This
boost in diversity is attributed to yellow poplar, where their median number across all years has more
than tripled from the low intensity case. The changes in diversity can be seen when comparing Figure
37 with Figure 40 and can be compared numerically by examining the ﬁrst and the second column of
Table 5.
5.1.3 Low Frequency, High Intensity
Next, the interval between disturbances was taken to be 25 years while the severity of the disturbances
was increased by changing the DBH value for individuals to be eﬀected from 2.5 to 5.0 cm. This is an
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Figure 40: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to Low DBH Individuals
example where a longer or more intensely burning ﬁre occurs every 25 years.
In general, the increase to the severity of this disturbance did not have as large an impact as the
increase to frequency of the disturbance. The total basal area in the landscape was essentially the same
value as in the case with low frequency, low severity disturbance. The distribution of the basal area
between the species did continue to favor yellow poplar and white oak. The median DBH of American
beech did decrease slightly, but not as severely as in the case with the increased frequency. Black cherry
does preform slightly better in this scenario than in the case with low frequency and low severity, with
its median DBH not eﬀected as severely as it was in the high frequency scenario. These observations can
be seen when comparing Figures 38 and 39 to Figures 41 and 42 and numerically when comparing the
second and third of column of Table 4.
The trends seen with this disturbance are continued when the severity is increased, however, the
impact of increasing the frequency is far greater. Although the disturbance removed more individuals
from the landscape every 25 years, it was removing individuals which were larger in DBH, which are
more scarce in the landscape. The net eﬀect resulted in the removal of fewer trees over the total 500 year
simulation than in the case of the high frequency disturbance. The American beech were not eﬀected as
severely in this case, and thus the landscape did not change to favor the other species as much. Note
there is no increase in the loss of individuals in the landscape.
As we have already noted, the increase in severity was not as consequential as the increase in frequency.
The diversity levels did increase when compared to the low frequency, low intensity scenario, but not
to the levels seen with the increase in severity. This is due to the the mitigated changes in long term
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Figure 41: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to Low DBH Individuals
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Figure 42: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Disturbance to Low DBH Individuals
eﬀects, the median gamma diversity is only 1.1 eﬀective species across the scenario. Also note that
both increasing frequency or severity caused a higher change in the gamma diversity than in the alpha
diversity, creating a change in the beta diversity. This can be attributed to enclaves of yellow poplar and
white oak being created in the landscape, causing an unbalance in local alpha diversity. The changes in
diversity can be seen when comparing Figure 40 with Figure 43 and can be compared numerically by
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examining the second and the third column of Table 5.
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Figure 43: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to Low DBH Individuals
5.1.4 Summary
The simulations in which there are weakly conspeciﬁc eﬀects have already been shown to create landscapes
with almost exclusively American beech in a very short time. With the introduction of a disturbance
to low DBH individuals in the landscape, an increase in the diversity levels was seen. This results from
the clearing and creation of gaps after the destruction of individuals. Within these openings, there is
less competition between seedlings and saplings, which gives more shade intolerant species a chance to
become adults. This ultimately results in a more diverse landscape. In these simulations, this eﬀect
manifests as yellow poplar became much more prevalent in the landscape with a small increase in both
black cherry and white oak numbers. Finally, the median DBH in all species decreases, because many
more young individuals are destroyed before achieving adulthood. This results in fewer adults in the
landscape.
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Table 4: Tabulation of Model Metrics with Understory Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.041±0.052 0.034±0.033 0.038±0.041
Yellow Poplar 0.960±4.518 15.849±11.139 5.200±7.218
White Oak 0.679±1.121 1.861±1.970 1.031±1.391
American Beech 88.049±5.848 70.374±7.789 81.036±6.274
All Individuals 91.574±5.382 89.131±7.235 88.758±5.717
Class
Compo-
sition (#)
Season's Seedlings 316±2823 421±2618 345±115
Other Seedlings 2990±2673 2253±2395 2786±2467
Saplings 5192±1754 3377±1361 4974±1714
Adults 1520±228 1260±196 1376±197
All Individuals 10844±3989 8204±3496 10570±3685
Diameter
At Breast
Height
(cm)
Black Cherry 2.075±1.649 1.585±1.433 1.983±1.474
Yellow Poplar 4.164±4.889 4.209±1.111 4.373±1.522
White Oak 1.404±3.332 1.051±1.962 1.496±2.965
American Beech 1.237±1.891 0.607±2.055 1.111±1.729
All Individuals 1.251±1.829 0.853±2.225 1.193±1.678
Established
Individuals
(#)
Black Cherry 16±10 17±10 18±11
Yellow Poplar 39±133 522.5±344 196±240
White Oak 45±83 112.5±109 71±94
American Beech 6499±1903 4009±1400 6014.5±1788
All Individuals 6719±1855 4684±1337 6401±1664
Table 5: Tabulation of Model Diversity with Understory Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.000±0.064 1.327±0.412 1.068±0.173
Beta 1.017±0.055 1.072±0.299 1.052±0.114
Gamma 1.042±0.074 1.412±0.253 1.141±0.117
5
Alpha 1.000±0.045 1.320±0.463 1.068±0.168
Beta 1.009±0.037 0.968±0.277 1.015±0.118
Gamma 1.026±0.046 1.265±0.181 1.089±0.075
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5.2 Strong Conspeciﬁc Interaction in Understory Disturbances
Scenario
The next scenario is one in which a understory disturbance is varied in severity while in the presence
of strong conspeciﬁc eﬀects. We have seen that the strong conspeciﬁc eﬀects favor the rarer species
from Sections 4.3 and 4.4, and also that the understory disturbances highly favor yellow poplar in many
aspects and also help white oak to better establish in the landscape in the analysis from 5.1.
5.2.1 Low Frequency, Low Intensity
As in the initial weakly conspeciﬁc case, the understory disturbance is taken to mostly impact individuals
with a DBH below 2.5 cm and the interval between each disturbance is taken to be 25 years, which
corresponds to a low frequency, low intensity case.
As before in the weakly conspeciﬁc scenario of Section 5.1, the simulations start to favor yellow poplar
and white oak. When compared with the scenario using the strong conspeciﬁc eﬀects and no disturbance,
the addition of the understory disturbance impacts the yellow poplar highly in terms of both basal area
and established individuals, with little eﬀect on the white oak. Also as before, the addition of the
disturbance lowers the DBH of all the species. When comparing this with weak conspeciﬁc eﬀects, there
is a slightly larger change in white oak basal area and established individuals, with a commensurate
large change in yellow poplar. With the addition of stronger conspeciﬁc eﬀects, the median DBH of
black cherry, yellow poplar, and white oak all increase while the median DBH of the American beech
decreases. This is expected because black cherry, yellow poplar, and white oak are rarer and thus favored
by the strong conspeciﬁc eﬀects while American beech is prevalent and thus highly inﬂuenced by strong
conspeciﬁc eﬀects. When compared to either previous scenario, American beech is thinned out over
the landscape in terms of basal area, established individuals, and DBH. In this combination of strong
conspeciﬁc eﬀects and understory disturbance, black cherry has minimal change in basal area and number
of established individuals in the landscape because while the strong conspeciﬁc eﬀects favor cherry, this
disturbance actually impacts cherry negatively. Initially, yellow poplar and white oak slowly decay until
they come to a near steady state around half way through the scenario. White oak appears to continue
to decline in number, and would have met a steady state sometime after the 500 year mark. There is
once again a decrease in the number of individuals in the landscape. These observations can be seen
visually when comparing the ﬁgures and tables from Section 4.4 and Section 5.1 to Figures 44 and 45
along with the ﬁrst column of Table 6. Visual comparisons of the data in the table are available in the
appendix.
The introduction of the understory disturbance appears to favor yellow poplar the most in either a
52
0 50 100 150 200 250 300 350 400 450 500
Year
0
10
20
30
40
50
60
70
B
as
al
 A
re
a 
(m
2  
/ h
a)
Median Basal Area in Landscape by Species 
 Simulation: Strong Conspecific Interactions with 
 Low Frequency, Low Severity Disturbance 
 to Low DBH Individuals
Black Cherry
Yellow Poplar
White Oak
American Beech
Figure 44: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to Low DBH Individuals
weak or strong conspeciﬁc condition. This is because the higher growth rate of yellow poplar makes
individuals of the species less prone to the eﬀects on low DBH individuals while it is still a rarer species
and thus not impacted by strong conspeciﬁc eﬀects. Stronger conspeciﬁc eﬀects give the most advantage
to white oak because its rarity in the landscape creates very low levels of conspeciﬁc interaction while
its shade tolerance allows the species to sustain in the landscape. Also, in the presence of this type
of disturbance, young white oak have less overall competition from American beech. Therefore, the
introduction of the understory disturbance in the presence of the strong conspeciﬁc eﬀects gives some
advantage to white oak.
Over the course of the scenario, the diversity starts at around three eﬀective species and then decays
over the ﬁrst half, as the excess yellow poplar and white oak die away. Once the white oak and yellow
poplar have come to the near steady state, the number of eﬀective species is around one and a half.
The median value for alpha and gamma diversity is approximately 1.5 eﬀective species at the end of the
scenario. There is again an imbalance in gamma to beta diversity which can be attributed to enclaves of
rare species causing a decrease in alpha diversity. The much larger alpha and gamma diversity which is
seen from a comparison to scenario with either strong conspeciﬁc eﬀects or understory disturbance, but
not both can be mainly attributed to the sustained populations of yellow poplar and white oak. The net
eﬀect of these two inﬂuences is that there are much more than one eﬀective species in the landscape by
the end of the scenario. The changes in diversity can be seen when comparing the diversity ﬁgures and
tables from Section 4.4 and Section 5.1 to Figure 46 along with the ﬁrst column of Table 7.
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Figure 45: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Disturbance to Low DBH Individuals
0 100 200 300 400 500
Year
1
2
3
4
A
lp
ha
 N
um
be
r
Median Alpha Hill Number
0 100 200 300 400 500
Year
0
1
2
3
4
B
et
a 
N
um
be
r
Median Beta Hill Number
0 100 200 300 400 500
Year
1
2
3
4
G
am
m
a 
Nu
m
be
r
Median Gamma Hill Number
Hill Number 2
Hill Number 5
Median Diversity Calculations on 
 Established Individuals (Non Seedlings) 
 in Landscape using Hill Numbers
 Simulation: Strong Conspecific Interactions with 
 Low Frequency, Low Severity Disturbance 
 to Low DBH Individuals
Figure 46: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to Low DBH Individuals
5.2.2 High Frequency, Low Intensity
Next, the frequency of the disturbance is increased from once every 25 years to an occurrence once every
10 years. Recall that this change had a very large impact on the results when compared to the low
frequency case discussed in Section 5.1.2.
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Once again, the high frequency disturbance on low DBH individuals severely impacts the American
beech population, by decreasing both their basal area in the stand and also the total number of individuals
in the landscape. As in the weak conspeciﬁc interaction case, the increase in frequency resulted in a
favoring of yellow poplar. In this case, the basal area and total numbers in the stand nearly doubled at
the end of the scenario. Figure 48 shows that not only is the species well established in the landscape,
but also that it appears to coexist with American beech. There was little impact on the number and
basal area of white oak with the change in frequency, however there was an appreciable decrease in the
median DBH. The number and basal area of black cherry decreased, despite the lesser competition at the
seedling and sapling level. The species is susceptible to this form of disturbance due to its smaller size.
Finally, it is worth noting that with the change to the high frequency version of this disturbance, the
median DBH across all species and in each species toward the end of the scenario decreased. However,
the overall basal area actually increased. With the increase in the frequency of the disturbance, there is
a corresponding decrease in the number of individuals in the landscape, but an increase in basal area,
meaning a larger individual tree size. These observations can be seen visually when comparing the ﬁgures
and tables from Section 4.4 and Section 5.1 to Figures 47 and 48 along with the second column of Table
6.
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Figure 47: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to Low DBH Individuals
The increase in frequency of this disturbance type helped yellow poplar sustain in the landscape,
slightly improved the metrics in white oak, ultimately did not help black cherry, and severely impacted
American beech negatively. Yellow poplar is preferred in this type of disturbance, because as it tends
to be a larger species, it is less likely to be destroyed in a understory disturbance. The net eﬀect of this
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high frequency understory disturbance with the strong conspeciﬁc eﬀects highly favors yellow poplar,
and appears to put yellow poplar and American beech in a state of coexistence with American beech at a
ratio of two to ﬁve. Although white oak increases in its basal area and number of individuals, the median
DBH actually decreases, which indicates that several high DBH individuals, which are not impacted by
the disturbance, persist in the landscape and provide high levels of basal area. Although the clearing
of the understory every 10 years should favor shade intolerant species like black cherry, the species still
decreased in its metrics, probably because the understory is not totally cleared.
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Figure 48: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Disturbance to Low DBH Individuals
The increase in frequency of this disturbance had large impact on the numbers of established yellow
poplar and American beech, an increase and a decrease respectively. This results in a more balanced
landscape through out the duration of the scenario. The median diversity levels increased to nearly
two eﬀective species. Figure 49 show that the diversity starts very high and decays slowly until about
half way through the scenario when yellow poplar is at its sustained amount and white oak has decay
substantially. During the second half of the scenario when yellow poplar coexists with American beech,
there are eﬀectively two species in the landscape, with white oak accounting for the other portion of
the species composition. The increase in frequency of this disturbance results in a diﬀerence between
alpha and gamma diversity again, on account of enclaves of rarer species lowering the alpha diversity.
The changes in diversity can be seen when comparing Figure 46 with Figure 49 and can be compared
numerically by examining the ﬁrst and the second column of Table 7.
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Figure 49: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to Low DBH Individuals
5.2.3 Low Frequency, High Intensity
Finally, the understory disturbance was taken to have a high intensity with a low frequency and coupled
with the strong conspeciﬁc eﬀects. The interval between disturbances is 25 years, while the understory
disturbance eﬀects mostly only individuals with a DBH under 5.0 cm.
This change did not result as harshly as the change in frequency does because it impacts far fewer
individuals over the entire scenario. Yellow poplar does see increases in both established individuals and
basal area, but not nearly as dramatic as the change in frequency of the disturbance. The median DBH
of the species does decrease, indicating a younger population of the species in the landscape. White
oak also sees an increase in the number of established individuals, however a corresponding decrease in
DBH creates a basal area that is not much greater than the case with a low frequency, low intensity
disturbance. This type of disturbance does help black cherry establish individuals in the landscape,
unlike the high frequency case. The total basal area in scenario increases while the total individuals in
the landscape is nearly the same. Note that when the frequency of the disturbance was increased, the
total number of established individuals decreased substantially. These observations can be seen visually
when comparing Figures 47 and 48 to Figures 50 and 51 and numerically when comparing the second
and third of column of Table 6.
The removal of higher DBH individuals in this scenario was not as impactful as increasing the fre-
quency of removal because there are far fewer high DBH individuals. With less change occurring to
American beech, there was less change to the other species. Yellow poplar did end up preforming much
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Figure 50: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to Low DBH Individuals
better in this scenario type, more than likely a result from the removal of adult American beech causing
openings in the canopy for poplar to grow.
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Figure 51: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Disturbance to Low DBH Individuals
The increase in intensity of this disturbance type had a smaller impact on the species in the simulation
than did the increase of frequency. This results in a much smaller change in diversity in the landscape.
The same trends of high diversity levels with a decay and then sustain can be seen in Figure 52 that
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were in Figures 46 and 49. There is also an increase in beta diversity from as was with the increase in
frequency. The changes in diversity can be seen when comparing Figure 49 with Figure 52 and can be
compared numerically by examining the second and the third column of Table 7
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Figure 52: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to Low DBH Individuals
5.2.4 Summary
We have seen several times before that the introduction of strong conspeciﬁc eﬀects favors the rarer
species. When comparing the low DBH scenario with either weak to the case with the strong conspeciﬁc
eﬀects, both yellow poplar and white oak have great advantage, with a very noticeable change occurring
to the white oak. With the introduction of a disturbance to low DBH individuals in the landscape,
yellow poplar has a great advantage because of its high growth rate creating larger individuals. These
two eﬀects, when coupled together, create a highly diverse landscape with the number of eﬀective species
exceeding two. It was noted that with the increase of frequency in these scenarios, there is less seedling
and sapling competition and also eventual growth to adulthood, which highly favors yellow poplar. When
additional higher DBH individuals are destroyed in the landscape from the increase in severity, gaps are
created in the canopy which favor both yellow poplar and black cherry. The change in the frequency of
this disturbance resulted in much diﬀerent results than did the change in severity. Finally, with the high
frequency disturbance, far too many individuals are killed in their youth, which causes the total number
of individuals to decrease. This is not the case in the low frequency disturbance.
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Table 6: Tabulation of Model Metrics with Understory Disturbance in the Presence of Strong Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.053±0.043 0.044±0.036 0.055±0.046
Yellow Poplar 11.761±7.982 26.919±14.138 17.467±8.284
White Oak 9.358±4.676 10.426±4.423 9.901±4.495
American Beech 69.147±6.128 55.022±7.465 63.459±5.341
All Individuals 90.933±6.457 93.464±8.289 91.219±6.066
Class
Compo-
sition (#)
Season's Seedlings 476±2532 614±214 522±2454
Other Seedlings 2590±2202 2021±1829 2493±2134
Saplings 5035±1542 3418±986 5120±1466
Adults 1442±219 1292±211 1350±186
All Individuals 10579±3479 8370±2683 10377±3219
Diameter
At Breast
Height
(cm)
Black Cherry 2.046±1.323 1.597±1.339 2.006±1.199
Yellow Poplar 4.500±0.979 4.053±0.808 4.367±0.816
White Oak 1.768±0.786 1.102±0.688 1.524±0.660
American Beech 1.140±1.791 0.588±1.861 1.074±1.782
All Individuals 1.405±1.620 1.052±1.722 1.378±1.510
Established
Individuals
(#)
Black Cherry 23±13 21.5±12 25.5±13
Yellow Poplar 475.5±259 1054.5±482 779±328
White Oak 759±324 680.5±216 813±342
American Beech 5119±1613 2923.5±962 4928±1542
All Individuals 6531±1545 4768.5±1036 6470.5±1498
Table 7: Tabulation of Model Diversity with Understory Disturbance in the Presence of Strong Conspe-
ciﬁc Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.470±0.583 2.041±0.597 1.644±0.602
Beta 1.094±0.318 1.089±0.314 1.091±0.386
Gamma 1.577±0.286 2.253±0.281 1.806±0.286
5
Alpha 1.488±0.443 2.050±0.580 1.624±0.557
Beta 0.928±0.248 0.949±0.236 0.935±0.271
Gamma 1.362±0.189 1.918±0.345 1.527±0.210
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5.3 Weak Conspeciﬁc Interaction with Overstory Disturbances
Scenario
The next set of disturbances to be modeled in the landscape are those which eﬀect high DBH individuals.
The primary examples of this type are hurricanes and wind storms, which create more force on larger
trees. These overstory disturbances are paired with either a weak conspeciﬁc eﬀect or a strong conspeciﬁc
eﬀect. Next, the potency of the disturbance is then varied by increasing the frequency and then the
severity. The eﬀects on the diﬀerent metrics in the landscape are then addressed in the context with
their corresponding changes in diversity.
5.3.1 Low Frequency, Low Intensity
For this set of scenarios, the mortality which results from the disturbance is taken to follow the logistic
curve from Equation 11. The mortality mostly impact individuals which are above 20 cm in DBH. The
frequency of the disturbance was taken to be once every 25 years while only 10% of the chosen individuals
were actually impacted.
When comparing Figures 20 and 21 to Figures 53 and 54, the change in basal area are surprisingly
unnoticeable. However, there is a change in the number of established individuals that appear. The
relative performance of yellow poplar increases during the ﬁrst several decades of the simulations. When
considering the numerical results from the second column of Table 2 to the ﬁrst column of Table 8, the
total basal area in the landscape decreases, however, the total number of individuals increases. Finally,
the established numbers of yellow poplar decrease, seemingly to extinction, while the number of white
oak and black cherry increase.
Although there are some changes with the addition of this disturbance, they are very minute. This
indicates that the 10% removal of large tree, which accounts for much less than 10% of the landscape
have very little impact on the landscape. We note that the overall basal area does decrease from the
removal of these large trees. Next, the large surge in yellow poplar at the start of the scenario is due to
their ability to quickly propagate with their large dispersal radius and number of seeds per adult. When
the large trees are removed during the ﬁrst several disturbances, yellow poplar seeds settle and establish
in their place.
There is a small surge in diversity at the onset of the scenario which corresponds to the surge in
yellow poplar that is visible in Figure 55 when compare to the case without disturbance. Despite the
starting surge in the yellow poplar and increase in white oak and black cherry populations, the number
of American beech remains nearly constant. This causes the corresponding changes in diversity to be
minimal. The simulations end with almost exclusively American beech, and thus an eﬀective number of
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Figure 53: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to High DBH Individuals
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Figure 54: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Disturbance to High DBH Individuals
species of essentially one. The changes in diversity can be seen when comparing Figure 23 with Figure
55 and can be compared numerically by examining the second column of Table 3 and the ﬁrst column
of Table 9.
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Figure 55: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to High DBH Individuals
5.3.2 High Frequency, Low Intensity
Now, we consider increasing the frequency from once every twenty-ﬁve years to once every ten years in
this disturbance type.
Comparing Figures 53 and 54 to Figures 56 and 57 they appear nearly identical. However, in the
numerical comparison between the ﬁrst and second of column of Table 8, for yellow poplar and American
beech the basal area decreased and number of individuals remained the same while these metrics for
white oak have increased. The total basal area has decreased, but, the total number of individuals has
increased. Despite the fact that this type of disturbance removes adult individuals from the simulations,
the number of adults has actually increase, and has also been further increased with the increase in
frequency.
The increase in frequency causes the overall basal area in the landscape to decrease. The frequent
removal of large individuals from the landscape has negatively impacted the health of the forest because
replacement is not occurring quickly enough. This statement is further veriﬁed by the fact that the
number of individuals in the landscape actually increases while the basal area decreases, which indicates
a much younger set of individuals in the forest. The number of adults in the landscape actually increases,
however, the distribution of these adults is more than likely highly low in DBH. Some changes to the
composition of individuals in the landscape was seen, however, a marginal decrease in gamma diversity
is seen by examining the ﬁrst and the second column of Table 9.
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Figure 56: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to High DBH Individuals
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Figure 57: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Disturbance to High DBH Individuals
5.3.3 Low Frequency, High Intensity
As we have seen from the previous two sections, the potency of these disturbances do not impact the
landscape very much. An increase in the intensity of each disturbance is implemented by changing the
disturbance to destroy 25% instead of 10% of individuals it impacts. The frequency of the disturbance
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Figure 58: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to High DBH Individuals
is still taken to be once every 25 years.
As before, a visual inspection of Figures 53, 56, and 59 show little diﬀerence, however, the oscillations
in the data are more prevalent in Figure 59, which are a result of the deaths at each 25 year mark.
Numerically, it can be seen that the basal area increases among white oak and black cherry while a
decrease happens in poplar and beech. The total basal area is not decreased as much in this case as was
in the increase of frequency. The number of established individuals in yellow poplar is greatly decreased
to extinction in almost all simulations, while white oak has meaningful change. The number of adults in
the landscape increases more so than in the case of the increased frequency. These observations can be
seen when comparing the columns of Table 8.
The increase in severity of the disturbance decreases the overall and individual basal areas. The
removal of so many large trees, even only once every 25 years, causes large impact on the replacement
of the species more than likely because as in Figure 5, it requires high DBH individuals to propagate
each species. The increase in severity impacts yellow poplar the most probably because yellow poplar is
the fastest growing species, and thus the most likely to be removed in the overstory disturbance, further
compounding the problem of replacement. The number of adults in the landscape increase even more
so than in the case where the frequency was increased. After the removal of large DBH individuals,
the smaller individuals can grow in the gaps in the canopy, thus causing many smaller adults in the
landscape.
Once again, the impact to the diversity in the landscape is minimal, but ultimately results in a
decrease. Yellow poplar and American beech decreased in their populations when the severity of the
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Figure 59: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to High DBH Individuals
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Figure 60: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Disturbance to High DBH Individuals
disturbance was increased. American beech is still the vast majority of the individuals in the landscape,
while the rarer species had minimal change, thus causing a net decrease in diversity. The changes in
diversity are diﬃcult to see when comparing Figure 58 with Figure 61, but can be seen numerically by
examining the columns of Table 9.
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Figure 61: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to High DBH Individuals
5.3.4 Summary
This particular combination of weak conspeciﬁc eﬀects with a disturbance to high DBH individuals did
not produce a very diverse landscape. The addition of the disturbance had only marginal changes to
each species. The overall basal area in the landscape did decrease, which should be the case when
large individuals in the landscape die. There was a corresponding increase in the number of adults
in the landscape, probably due to the fact that with the open canopy after each disturbance, there
was opportunity for young individuals to develop into adults. It was noted that in each case of this
disturbance, yellow poplar did much worse oﬀ than in the case there was no disturbance. Yellow poplar
is the quickest species to grow in this model, and thus the largest and most likely to be impacted by
the disturbance. The increase in severity of the disturbance hurt yellow poplar the most because it
removes much of the adult population that has grown over the last 25 years. Although American beech
performed worse in this scenario than in the scenario without disturbance, there was not much a change
to the diversity levels present in the landscape. This is likely due to the fact that white oak did not
change much, while yellow poplar actually did much worse in the landscape. The net eﬀect here is that
there were not many of the rarer species. Finally, one thing to note here is that black cherry should
have done well in this scenario, because the opening of the canopy allows the species to establish. It did
increase in its number of established individuals, but only marginally.
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Table 8: Tabulation of Model Metrics with Overstory Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.025±0.031 0.026±0.032 0.027±0.031
Yellow Poplar 0.000±0.265 0.000±0.013 0.000±0.000
White Oak 0.058±0.503 0.161±0.595 0.248±0.457
American Beech 94.390±5.304 92.082±5.139 92.437±5.570
All Individuals 95.369±5.118 92.754±5.104 92.837±5.434
Class
Compo-
sition (#)
Season's Seedlings 270±2822 237±2700 225±2457
Other Seedlings 3196±2563 2868±2491 2619±2374
Saplings 6993±2252 6862±2218 6632±2323
Adults 1824±232 1950±217 1956±250
All Individuals 13235±4459 12759±4251 12475±4186
Diameter
At Breast
Height
(cm)
Black Cherry 1.746±1.659 1.612±1.497 1.820±1.502
Yellow Poplar 0.000±3.166 0.000±1.800 0.000±0.000
White Oak 1.138±4.070 2.333±4.827 1.997±4.445
American Beech 1.889±1.765 2.173±1.820 2.271±1.769
All Individuals 1.900±1.768 2.168±1.789 2.291±1.773
Established
Individuals
(#)
Black Cherry 12±8 13±8 13.5±8
Yellow Poplar 0±12 0±1 0±0
White Oak 4±51 15.5±52 19±45
American Beech 8763±2328 8798.5±2226 8574.5±2329
All Individuals 8837±2296 8837.5±2260 8628±2355
Table 9: Tabulation of Model Diversity with Overstory Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.000±0.000 1.000±0.000 1.000±0.000
Beta 1.003±0.013 1.004±0.012 1.004±0.009
Gamma 1.008±0.019 1.005±0.014 1.005±0.009
5
Alpha 1.000±0.000 1.000±0.000 1.000±0.000
Beta 1.001±0.008 1.002±0.007 1.002±0.006
Gamma 1.005±0.012 1.003±0.009 1.003±0.006
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5.4 Strong Conspeciﬁc Interaction with Overstory Disturbances
Scenario
Now that the scenario with weak conspeciﬁc eﬀects and overstory disturbance have been explored, it
is time to consider a overstory disturbance with a strong conspeciﬁc in a landscape. It was noted that
with the weak conspeciﬁc interactions, the addition of the overstory disturbance did not have much an
eﬀect on diversity.In the absence of the disturbance, but with strong conspeciﬁc eﬀects,there was a large
increase in the abundance of rare species. So, it has been seen that rarer species are favored with the
strong conspeciﬁc eﬀects and that all species are negatively impact with the addition of the overstory
disturbance. This section explores the combination of these eﬀects.
5.4.1 Low Frequency, Low Intensity
As before in Section 5.3, the mortality from this disturbance is taken to follow the logistic curve from
Equation 11. It mostly impacts individuals above 20 cm in DBH, and the frequency is once every 25
years. 10% of those individuals that are eﬀected are killed in the simulations.
Comparing Figures 31 and 32 to Figures 62 and 63, the changes are diﬃcult to notice. In a numerical
comparison from when considering the numerical results from the fourth column of Table 2 to the ﬁrst
column of Table 10, we note that there is little impact to yellow poplar. White oak increase in their
number of established individuals and basal area. Black cherry is the one species that beneﬁt from
the introduction of this disturbance in both established individuals and basal area. Also note that the
number of adults in the landscape increases, just as with the introduction of this disturbance in the weak
conspeciﬁc interaction case.
We have already noted why this particular type of disturbance negatively impacts yellow poplar, on
account of its tendency to be larger than the other species. With the increase in established individuals in
American beech and white oak, but a decrease in basal area, it is again worth noting that this particular
type of disturbance will cause the population in the adults in the landscape to be younger. This idea is
also reinforced by the fact that the median DBH increases. More adults appear in the landscape because
as the canopy is opened after the destruction of large individuals, many young trees will develop into
low DBH adults.
Once again, we can see that in a comparison of the diversity ﬁgure and table from Section 4.4 to
Figure 64 and the ﬁrst column of Table 11 that the introduction of this type of disturbance has a very
small impact on diversity. Although the number of white oak increase, the number of yellow poplar
decrease, which caused a net negative change in the level of diversity.
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Figure 62: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to High DBH Individuals
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Figure 63: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Disturbance to High DBH Individuals
5.4.2 High Frequency, Low Intensity
Increasing the frequency of the disturbance in the presence of the weak conspeciﬁc eﬀects improved
the number of white oak and thus slightly improved the diversity in the landscape. This increase in
frequency is also implemented in the presence of the strong conspeciﬁc eﬀect to see if the same changes
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Figure 64: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Disturbance to High DBH Individuals
are observed.
In Section 5.3 an increase in the frequency of the disturbance decreased the total basal area in the
landscape while increasing the total number of individuals, this is again the case. The number of yellow
poplar increases slightly with no change in black cherry. White oak increases in both basal area and
established individuals, while American beech decreases in its basal area. These observations can be seen
in the ﬁgures and tables from Section 4.4 and Section 5.3 compared with Figures 65 and 66 along with
the second column of Table 10.
The increase in frequency of this disturbance in the presence of the weak conspeciﬁc eﬀects did not
improve the diversity in the landscape because yellow poplar suﬀered in the change. In this scenario, the
change in frequency actually helped yellow poplar while also helping white oak, and thus the diversity
levels increase. This can be due partly to yellow poplar's ability to spread seeds far away from adult
trees, thus the strong conspeciﬁc interactions have little eﬀect on the poplar in this case. The changes
in diversity can be seen when comparing Figure 64 with Figure 67 and can be compared numerically by
examining the ﬁrst and the second column of Table 11.
5.4.3 Low Frequency, High Intensity
In the last simulations involving overstory disturbance in the presence of the strong conspeciﬁc eﬀect, the
severity of the disturbance was taken to kill 25% of the individuals it impacted while the frequency was
taken to be once every 25 years. We noted that with the addition of this disturbance there is actually a
decrease in the overall diversity levels. When there was an increase in the frequency of the disturbance,
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Figure 65: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to High DBH Individuals
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Figure 66: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Disturbance to High DBH Individuals
the disturbance then provided an improvement in the diversity levels.
Similar to the changes which happened with the increase in frequency, yellow poplar ends up per-
forming better in both basal area and established individuals. White oak continued its improvement in
both basal area and established individuals, while American beech decreased in both of these metrics.
Across all species, there is an increase in total number of individuals and adult, more so than with the
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Figure 67: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Disturbance to High DBH Individuals
change in frequency of the disturbance. These observations can be seen visually when comparing Figures
62, 63, 65, and 66 to Figures 68 and 69 and numerically when comparing the columns of Table 10.
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Figure 68: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to High DBH Individuals
The addition of the conspeciﬁc eﬀect cancels out the negative impact of the disturbance on the yellow
poplar enough that it is actually beneﬁted in this increase in severity of the disturbance. The increase
in adults in the landscape can be explained again as a result of when the death of very large individuals
73
occurs, younger plants grow into adulthood in their place. With the removal of large individuals in the
landscape, American beech has a much harder time out competing with other species on account of
its high species speciﬁc interaction. This causes the rarer species to have advantage and to increase in
numbers.
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Figure 69: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Disturbance to High DBH Individuals
With the increase in black cherry, yellow poplar, and white oak, with a decrease in American beech,
there is a moderate increase in diversity levels in the landscape, similar to the change that occurred
with the increase of frequency of the disturbance. Also, note that there is a diﬀerence in beta diversity
that can be attributed to enclaves of rarer species growing in areas where large individuals have been
removed. The changes in diversity can be seen when comparing Figures 64 and 67 with Figure 70 and
can be compared numerically by examining the columns of Table 11
5.4.4 Summary
In the presence of the strong conspeciﬁc eﬀects, the addition of the overstory disturbance increased the
number of white oak and decreased the number of American beech. These eﬀects where minute, and thus
the level of diversity did not change. With an increase in the frequency or severity of the disturbance,
The number of all three of the rarer species increased, and thus the diversity level did noticeably change.
In this scenario, the change in frequency and the change in severity resulted in similar levels of diversity
change. The addition of this type of disturbance causes an increase in both median DBH and number
of adults in the landscape, which indicates far fewer large DBH outliers, as expected.
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Figure 70: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Disturbance to High DBH Individuals
Table 10: Tabulation of Model Metrics with Overstory Disturbance in the Presence of Strong Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.069±0.067 0.062±0.055 0.067±0.058
Yellow Poplar 1.543±3.617 1.554±3.535 1.491±2.842
White Oak 9.152±3.783 9.775±3.612 11.645±4.072
American Beech 76.435±5.595 73.443±4.979 72.742±5.401
All Individuals 87.946±6.137 86.295±4.807 87.207±4.492
Class
Compo-
sition (#)
Season's Seedlings 469±234 468±946 481±239
Other Seedlings 2556±1998 2334±1814 2291±1737
Saplings 6262±1610 6421±1588 6328±1548
Adults 1684±198 1812±207 1828±189
All Individuals 11722±3203 11787±2990 11664±2925
Diameter
At Breast
Height
(cm)
Black Cherry 2.009±1.252 1.952±1.132 2.083±1.140
Yellow Poplar 4.661±1.267 4.770±1.179 4.843±1.149
White Oak 2.217±0.614 2.422±0.566 2.466±0.568
American Beech 1.799±1.930 2.067±1.993 2.122±1.963
All Individuals 1.970±1.492 2.254±1.449 2.344±1.423
Established
Individuals
(#)
Black Cherry 23±12 25.5±12 27.5±13
Yellow Poplar 260.5±216 274±220 313±231
White Oak 1344±354 1570±450 1715±458
American Beech 6258.5±1648 6257.5±1654 6030.5±1596
All Individuals 7928±1616 8238.5±1593 8168±1563
Species
Interaction
Values
(a.u.)
Black Cherry 0.000±0.000 0.000±0.000 0.000±0.000
Yellow Poplar 0.002±0.006 0.002±0.003 0.003±0.005
White Oak 0.124±0.050 0.125±0.046 0.130±0.046
American Beech 0.783±0.045 0.755±0.048 0.732±0.049
All Individuals 0.696±0.073 0.654±0.076 0.619±0.083
75
Table 11: Tabulation of Model Diversity with Overstory Disturbance in the Presence of Strong Conspe-
ciﬁc Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.440±0.396 1.643±0.403 1.578±0.405
Beta 1.068±0.235 1.004±0.216 1.047±0.236
Gamma 1.580±0.192 1.621±0.205 1.685±0.194
5
Alpha 1.565±0.387 1.578±0.386 1.631±0.425
Beta 0.923±0.199 0.943±0.205 0.909±0.202
Gamma 1.375±0.136 1.404±0.153 1.452±0.144
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5.5 Weak Conspeciﬁc Interaction in Block Disturbances Scenario
Now that both the low and overstory disturbances have been explored, the last type of disturbance is one
which impacts the landscape in a spatial manner. Some examples of this type of disturbance would be
tornadoes or harvesting. This disturbance is added to a scenario with either weak or strong conspeciﬁc
eﬀects and then the potency of the disturbance is increased.
5.5.1 Low Frequency, Low Intensity
Block disturbances follow the ideas which were outlined in Section 3.7, by splitting the landscape into
twenty ﬁve diﬀerent sections, each twenty by twenty meters. For the low intensity case, the disturbance
is taken to impact three of these twenty ﬁve plots in a continuously manner, destroying 75% of the
individuals in those plots. This disturbance happens once every twenty ﬁve years.
There are very large changes with the addition of the block disturbance, much more so than with
either other type of disturbance. The most apparent changes are among the yellow poplar and American
beech. There is an increase in both basal area and the number of established individuals in yellow
poplar with a corresponding decrease for American beech which is even more extreme that with the
introduction of the strong conspeciﬁc eﬀects in Section 4.1. There is some improvement in white oak and
vast improvement in black cherry, but not as signiﬁcant as the changes in American beech and yellow
poplar. Each species increases in its median DBH and the DBH in the landscape increases overall.
These observations can be seen visually when comparing Figures 20 and 21 to Figures 71 and 72 and
numerically when comparing the second column of Table 2 to the ﬁrst column of Table 12.
The huge gains in the number of established individuals in yellow poplar and black cherry can be
attributed to the fact that after a disturbance, those two species are the quickest to inhabit the disturbed
locations due to their seed dispersal kernels shown in Figure 6. Although not a pioneer, white oak ends
up with some marginal improvement in its metrics on account of the opening of the canopy allows the
species to better compete against American beech. Also, the median DBH in the landscape increase
across all the species because as an area of the landscape is cleared away entirely, there is an opportunity
for young plants to develop. This creates a situation in which there are many young adults and few very
large adults which create too much shade for seedlings to develop. This situation is similar to that which
was seen in Sections 5.3 and 5.4.
In a comparison of the second column of Table 3 to the ﬁrst column of Table 13, there is only marginal
change in alpha and gamma diversity, however there is a larger change in the beta diversity. The change
in the beta diversity is mostly due the pioneers which are inhabiting the area which are cleared during
the block disturbance. This creates lower levels of local diversity when compared to the overall diversity.
Finally, when inspecting Figure 73, we can see that at the end of the scenario, there is nearly one eﬀective
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Figure 71: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Block Disturbance
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Figure 72: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Block Disturbance
species, which is a result from the fact that ultimately American beech does dominate the landscape in
this scenario.
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Figure 73: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Block Disturbance
5.5.2 High Frequency, Low Intensity
Next, the block disturbance is increased in its potency by increasing its frequency to once every ten years.
Many of the same metrics are considered in order to see their change with the increase in frequency.
The increase in frequency gives a very great advantage to the pioneer species, with yellow poplar
sustaining its population in the landscape and accounting for over one third of the basal area over the
duration of the scenario. Black cherry achieves its large number of established individuals seen in any of
the previous scenarios. Both the pioneer do however suﬀer in their median DBH. White oak is given an
increase in its basal area with a more than doubling of its number of established individuals. American
beech is consequently decreased in its metrics substantially. In this scenario, there is a net increase in
the total basal area in the landscape and the number of adults. These observations can be seen visually
when comparing Figures 71 and 72 to Figures 74 and 75 and numerically when comparing the ﬁrst and
second of column of Table 12. Note that in a comparison of the established individuals, the decay of
yellow poplar and white oak in the landscape is much more gradual.
This advantage to the pioneers, yellow poplar and black cherry, can be attributed to the exacerbation
of same notion discussed in Section 5.5.1 where after this type of disturbance, these two species are
those which establish in the opened areas. White oak does much better because although it is not as
aggressive as the pioneers, it is more well suited to cope with this disturbance than American beech.
Although the pioneers suﬀer in median DBH, the median DBH across all species increase substantially.
The additional abundance of yellow poplar, the largest of the species, accounts for much of this change,
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Figure 74: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Block Disturbance
while the additional number of young adults that appear which is discussed in Sections 5.3, 5.4, and
5.5.1 can also account for some of this change.
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Figure 75: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Block Disturbance
When comparing the diversity ﬁgures, Figure 73 and 76, it is obvious that the increase in frequency
has a very large eﬀect on the diversity of the landscape. Higher level of diversity are sustained for longer
periods of time, while at the end of the scenario there are more than one eﬀective species in the landscape.
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This is due to the fact that yellow poplar can sustain itself in this scenario. As before, an increase in
beta diversity is seen, but this time it is sustained through out the scenario. As an area of the landscape
is cleared away, the pioneers quickly inhabit it, creating an imbalance between local and global diversity.
This is the largest imbalance of this type seen in any scenario thus far. These comparisons can be made
by examining the ﬁrst and the second columns of Table 13.
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Figure 76: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Block Disturbance
5.5.3 Low Frequency, High Intensity
Finally, the block disturbance is taken to have a low frequency but a high severity in the presence of
the block disturbance. The disturbance impacts seven out of the twenty ﬁve plots while the frequency is
taken to be once every twenty ﬁve years. Recall from Section 5.5 that is increase in severity of the block
disturbance in the presence of the weak conspeciﬁc eﬀects greatly favored the shade intolerant species.
With the increase in severity, the favoring of the pioneers is continued, just as it was with the increase
in frequency. In this case yellow poplar and black cherry are increased in both basal are and established
individuals, however, the increase is not as dramatic as when the frequency of the disturbance was
increased. The same negative eﬀects can be seen in American beech, however, these too are not as
dramatic as in the case where the frequency of the disturbance was increased. The increase in the total
basal area and the number of adults in the landscape is similar to the case where the frequency was
increased. These observations can be seen visually when comparing Figures 74 and 75 to Figures 77 and
78 and numerically when comparing the second and third of column of Table 12.
The advantage to the pioneer species has been diminished than in the case with a high frequency
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Figure 77: Median Basal Area by Species in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Block Disturbance
disturbance. Perhaps allowing the pioneer to inhabit a new area often is more favorable than having
one large area to be inhabited not as often. The same increase in young adults and median DBH is still
present, however, it too is also diminished.
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Figure 78: Median Number of Established Individuals by Species in Weak Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Block Disturbance
There is a similar increase in alpha and gamma diversity in this scenario as was in the high frequency
version of this scenario. The one striking diﬀerence is that the level of of change in beta diversity is not
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as large. Again, perhaps having an opening of the canopy very often creates enclaves of pioneers better
than having a very large opening less often. The changes in diversity can be seen when comparing Figure
76 with Figure 79 and can be compared numerically by examining the second and the third column of
Table 13.
0 100 200 300 400 500
Year
1
2
3
4
A
lp
ha
 N
um
be
r
Median Alpha Hill Number
0 100 200 300 400 500
Year
0
1
2
3
4
B
et
a 
N
um
be
r
Median Beta Hill Number
0 100 200 300 400 500
Year
1
2
3
4
G
am
m
a 
Nu
m
be
r
Median Gamma Hill Number
Hill Number 2
Hill Number 5
Median Diversity Calculations on 
 Established Individuals (Non Seedlings) 
 in Landscape using Hill Numbers
 Simulation: Weak Conspecific Interactions with 
 Low Frequency, High Severity 
 Spatial Disturbance
Figure 79: Median Hill Numbers in Adults in Weak Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Block Disturbance
5.5.4 Summary
In this scenario, it was seen that a very large advantage was given to the pioneer species. Very large
gains in both basal area and the number of individuals was seen in both black cherry and especially in
yellow poplar. The advantage is given to the pioneer species because as the block disturbance clears an
area, the pioneers are ﬁrst to establish due to their very wide seed distribution kernels. The changes seen
with the addition of this type of disturbance were much greater than the changes seen with either the
understory or overstory disturbances, probably due to the fact that advantage is given to the pioneers
not only from their ability to disperse seeds, but because the places these seeds are dispersed to have
little competition, giving advantage to fast growing shade intolerant species. Similar increase in DBH
and the number of adults is seen in these simulations that was seen in the overstory disturbance scenario.
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Table 12: Tabulation of Model Metrics with Block Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.055±0.050 0.053±0.039 0.062±0.052
Yellow Poplar 6.002±6.071 32.820±11.491 22.562±13.533
White Oak 0.678±1.500 1.402±2.436 1.097±1.740
American Beech 87.029±7.256 62.400±8.137 72.302±9.832
All Individuals 94.899±5.378 97.492±7.401 97.493±7.164
Class
Compo-
sition (#)
Season's Seedlings 296±2728 470±218 382±2104
Other Seedlings 2915±2366 1969±1765 2249±1908
Saplings 6801±1911 6267±1778 6384±1964
Adults 1745±237 1812±204 1855±209
All Individuals 12679±3768 11211±3208 11641±3602
Diameter
At Breast
Height
(cm)
Black Cherry 2.466±1.457 2.004±1.020 2.355±1.299
Yellow Poplar 5.025±1.416 4.405±0.586 4.881±0.603
White Oak 1.900±3.861 2.290±2.329 2.219±2.711
American Beech 1.825±1.678 2.134±1.920 2.057±1.855
All Individuals 1.876±1.669 2.513±1.610 2.328±1.670
Established
Individuals
(#)
Black Cherry 22.5±12 32±14 30±16
Yellow Poplar 235.5±237 1794±727 1133.5±611
White Oak 54±108 148.5±245 95.5±181
American Beech 8247±2074 6053±1896 6820±2076
All Individuals 8586±1955 8083.5±1767 8290±2003
Table 13: Tabulation of Model Diversity with Block Disturbance in the Presence of Weak Conspeciﬁc
Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.034±0.140 1.265±0.556 1.142±0.423
Beta 1.046±0.111 1.351±0.494 1.240±0.400
Gamma 1.112±0.116 1.765±0.273 1.480±0.290
5
Alpha 1.040±0.125 1.425±0.587 1.174±0.441
Beta 1.025±0.095 1.129±0.428 1.103±0.323
Gamma 1.070±0.073 1.577±0.268 1.325±0.228
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5.6 Strong Conspeciﬁc Interaction in Block Disturbances Sce-
nario
The ﬁnal set of scenarios considered for analysis are ones in which the block disturbance is coupled with
the strong conspeciﬁc eﬀects. We have seen from the analysis in Section 4.4 that the conspeciﬁc eﬀects
favor the rarer species while the analysis in Section 5.5 has shown that the block disturbances greatly
favor the more shade intolerant species. It is desired to understand how well these two inﬂuence will
impact diversity.
5.6.1 Low Frequency, Low Intensity
As in Section 5.5, the block disturbance initially impacts three out of twenty-ﬁve plots while removing
75% of the individuals on those plots. The frequency of the disturbance is taken to be once every twenty
ﬁve years.
Just as in the case where this disturbance was paired with the weak conspeciﬁc eﬀects, the most
noticeable change is that of a very large increase in yellow poplar's basal area and established individuals,
with those variables increasing nearly by a factor of ﬁve at the end of the scenario. In Figure 81, it is
clear to see that yellow poplar is well established in the landscape, while white oak is dwindling and
may eventually disappear from the landscape. With the large increase in yellow poplar in the landscape,
there is a corresponding decrease in the metrics of American beech. We had seen a potential case
of coexistence between yellow poplar and American beech in Sections 4.3 and 4.4, but in this set of
simulations it is almost certain that the species are in a state of coexistence. We can see again that there
is no substantial change in white oak with the addition of the disturbance, and there is an increase in the
basal area and numbers of black cherry. As with the addition of the disturbance in the presence of the
weak conspeciﬁc eﬀects, the entire landscape has a higher median DBH and number of adult individuals.
These observations can be seen visually when comparing the ﬁgures and tables from Section 4.4 and
Section 5.5 to Figures 80 and 81 along with the ﬁrst column of Table 14.
The advantage to the pioneers species is once again noted, with increase in both yellow poplar and
black cherry. Their very large dispersion kernels allows seeds to established in the cleared areas after
the disturbance. These cleared areas have high levels of light and thus these species inability to tolerate
shade does not eﬀects them as much. Although white oak will beneﬁt from the open canopy, it does not
have a very large dispersion radius. These eﬀects when combine leave the species with little improve with
the addition of the disturbance. We have seen potential coexistence between American beech and yellow
poplar in the scenarios with strong conspeciﬁc eﬀects and also in the scenarios of weak conspeciﬁc eﬀects
with a block disturbance. Now that both of these eﬀects that favor yellow poplar have been combine,
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Figure 80: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Block Disturbance
the ratio of yellow poplar to American beech toward the end of these scenarios has increased. With the
elimination of areas in the landscape with few large adults trees and many seedlings, to favor a more
uniform distribution of young adults, the DBH across each species have increased. The addition of many
more yellow poplar, which are larger by nature, in the landscape has also helped to increased the overall
DBH in the landscape.
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Figure 81: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, Low Intensity Block Disturbance
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As in Section 5.5, the addition the disturbance as a low frequency and low severity did not increase
the levels of diversity substantially. It was not until the frequency or severity was increase that this
disturbance created large gains in the diversity level. We do see that at the end of this scenario, there is
coexistence of American beech and yellow poplar, but the ratio between to the two is much too low to
create high levels of diversity. We can see that as the white oak dwindles away from the landscape, the
diversity levels slowly decrease until the reach a near steady state when there is only American beech
and yellow poplar. Finally, we can note again that with this type of disturbance, the beta diversity takes
on values which are diﬀerent than one, because as the pioneers control areas that are disturbed, there is
an imbalance in local diversity levels. The changes in diversity can be seen when comparing the diversity
ﬁgures and tables from Section 4.4 and Section 5.5 to Figure 82 along with the ﬁrst column of Table 15.
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Figure 82: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
Low Intensity Block Disturbance
5.6.2 High Frequency, Low Intensity
Next, the frequency of this block disturbance is increased from once every twenty ﬁve years to an
occurrence once every ten years. Recall from Section 5.5 that in the presence of the weak conspeciﬁc
eﬀects, this change had a very large impact on the results when compared to the low frequency case.
With the increase in frequency of the disturbance, from Figures 83 and 84, we can see a massive favor
to yellow poplar. There is an increase in basal area so high that is accounts for more than one third the
landscape, and an increase in the number of established individuals so high that is accounts for nearly
one quarter the number of individuals at the end of the scenario. In these plots, we can see that yellow
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poplar ends in a state of coexistence with American beech at a ratio of around two to ﬁve, and that
white oak would more than likely vanish from the landscape. With the increase in the number of yellow
poplar, there is an increase in their species interaction value. With all the change in the yellow poplar
population, there is a corresponding decrease in the American beech. Black cherry is at its highest values
it has seen from all previous scenarios. We can see a further increase in the overall number of adults,
the basal area, and the DBH. These observations can be seen visually when comparing the ﬁgures and
tables from Section 4.4 and Section 5.5 to Figures 83 and 84 along with the second column of Table 14.
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Figure 83: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Block Disturbance
The ability of the pioneers to control freshly opened areas of the landscape is further seen with
the increase in frequency. Although the yellow poplar ends up doing much better in this scenario, the
number that are seen are very similar to the case of having a block disturbance in the presence of a weal
conspeciﬁc eﬀect. The block disturbance, and not the conspeciﬁc eﬀects, seem to be the driving factor
in what creates the high levels of yellow poplar and coexistence with American beech.
With the large increase in yellow poplar, there is a large increase in the overall diversity in the
landscape, with over two eﬀective species at the entire stand level. Toward the end of the scenario, when
American beech and yellow poplar are in coexistence, the number of eﬀective species is under two when
considering local diversity, and above two when considering global diversity. This disparity in local and
global diversity has been discussed previously, and is due to the fact that the pioneers control the freshly
opened regions after a disturbance. The changes in diversity can be seen when comparing Figure 82 with
Figure 85 and can be compared numerically by examining the ﬁrst and the second column of Table 15.
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Figure 84: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with High Frequency, Low Intensity Block Disturbance
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Figure 85: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with High Frequency,
Low Intensity Block Disturbance
5.6.3 Low Frequency, High Intensity
Now, increasing the potency of the disturbance is changed by adding four more plots to the disturbance
for destruction, for a total of seven plots. The frequency remains the same at once every twenty ﬁve years.
The same metrics are considered in this low frequency, high severity block disturbance and compared
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with the previous two instances of this disturbance.
The same dramatic changes in yellow poplar and American beech are seen with the increase in
severity as opposed to the increase in frequency. However, these changes are slightly less dramatic.
Yellow poplar is still fully established and in a state of coexistence with American beech, while white
oak many disappear from the landscape. The ratio of the coexistence is slightly less than two to ﬁve,
which was seen in the high frequency case. Also, these is an increase in overall number of adults, basal
area, and DBH once again. These observations can be seen visually when comparing Figures 83 and 84
to Figures 86 and 87 and numerically when comparing the second and third of column of Table 14.
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Figure 86: Median Basal Area by Species in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Block Disturbance
The huge advantage to yellow poplar is still seen, however, the eﬀect is diminished. Perhaps having
a frequent block disturbance favors the pioneer species more so that a large disturbance because it gives
them more opportunity to utilize the aspects that makes them competitive as a species.
There is once again a large increase in the diversity levels, however, not as large as in the case with
a high frequency disturbance, with over two eﬀective species across the entire scenario. At the end of
the scenario, when American beech and yellow poplar are in coexistence, the number of eﬀective species
across the entire landscape is above two, while the number of species locally is less than two. This
disparity crease levels of beta diversity that are similar to those which are present in the case of a high
frequency disturbance. The changes in diversity can be seen when comparing Figure 85 with Figure 88
and can be compared numerically by examining the second and the third column of Table 15
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Figure 87: Median Number of Established Individuals by Species in Strong Conspeciﬁc Eﬀects Simulation
with Low Frequency, High Intensity Block Disturbance
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Figure 88: Median Hill Numbers in Adults in Strong Conspeciﬁc Eﬀects Simulation with Low Frequency,
High Intensity Block Disturbance
5.6.4 Summary
With the introduction of the block disturbance in the presence of the strong conspeciﬁc eﬀects, sizable
changes were seen with the pioneer species. These changes were the most dramatic of all the disturbance
types. The yellow poplar have tremendous increase while the black cherry saw the highest levels it had
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seen from any scenario. These simulations gave such advantage to the pioneer species because as the
landscape was cleared, the pioneers could quickly inhabit the open areas because of their dispersion
kernels. It was noted that the increases in the pioneer species was due almost exclusively to the block
disturbance, and not the strong conspeciﬁc eﬀects because in a comparison of the results in Sections
5.5 and 5.6, the pioneer species have similar numbers for each potency of the disturbance. White oak
does better in the presence of conspeciﬁc eﬀects, however, it does not have large increases from this
type of disturbance. Although it beneﬁts from the opening of the canopy, it does not have a large
dispersion kernel, and thus can not inhabit the open landscape. In this set of disturbance, it was seen
that coexistence between American beech and yellow poplar occurred, due to the disturbance and not
the conspeciﬁc eﬀects. It was noted that an increase in the number of adults, DBH, and basal area could
be attributed to the fact that with the destruction of many large trees in the landscape, many young
individuals could grow to adulthood in their place.
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Table 14: Tabulation of Model Metrics with Block Disturbance in the Presence of Strong Conspeciﬁc
Eﬀects
Sim. Metric Species/Class Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
Basal
Area
(m2/ha)
Black Cherry 0.072±0.055 0.077±0.049 0.078±0.054
Yellow Poplar 13.158±7.662 35.870±9.877 32.604±12.400
White Oak 7.722±4.428 9.899±4.397 8.739±4.743
American Beech 70.055±6.060 52.945±7.494 55.752±8.576
All Individuals 92.447±5.148 98.782±6.839 99.765±7.388
Class
Compo-
sition (#)
Season's Seedlings 435±2296 604±321 550±387
Other Seedlings 2490±2045 1865±1526 2009±1634
Saplings 6150±1759 6273±1421 6190±1426
Adults 1652±205 1820±199 1842±203
All Individuals 11510±3401 11170±2587 11207±2704
Diameter
At Breast
Height
(cm)
Black Cherry 2.365±1.179 2.132±0.964 2.327±1.127
Yellow Poplar 4.807±0.789 4.349±0.497 4.724±0.535
White Oak 2.312±0.883 2.439±0.790 2.512±0.852
American Beech 1.742±1.827 2.021±1.969 1.987±1.863
All Individuals 1.967±1.635 2.569±1.382 2.523±1.376
Established
Individuals
(#)
Black Cherry 32±14 40.5±17 39±19
Yellow Poplar 667±375 2108±571 1759±651
White Oak 700±435 984±421 865.5±449
American Beech 6386.5±1814 4867.5±1516 5260±1563
All Individuals 7770.5±1776 8111.5±1470 7987.5±1436
Table 15: Tabulation of Model Diversity with Block Disturbance in the Presence of Strong Conspeciﬁc
Eﬀects
Hill
Number
Scope Low Frequency
Low Severity
High Frequency
Low Severity
Low Frequency
High Severity
2
Alpha 1.417±0.488 1.787±0.590 1.738±0.650
Beta 1.119±0.307 1.262±0.393 1.237±0.452
Gamma 1.608±0.262 2.266±0.307 2.154±0.347
5
Alpha 1.414±0.503 1.786±0.545 1.757±0.615
Beta 0.967±0.285 1.104±0.355 1.057±0.361
Gamma 1.382±0.176 1.999±0.364 1.855±0.350
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6 Summary
The goal in this thesis was to explore the eﬀects of the interactions between disturbances and conspeciﬁc
negative density dependency in a forest model. An agent based model was created to model the inﬂuence
of both abiotic disturbances and conspeciﬁc interactions on a landscape. Combinations of each distur-
bance and either a weak or strong conspeciﬁc eﬀect are made examined and the eﬀects on the landscape
are analyzed.
There are many forest simulations, often involving various agents, spatial dynamics, and disturbances.
These models have many diﬀerent ways of handling forest dynamics, like recruitment, mortality, and the
interaction with the ecosystem and environment. The forest simulation, LANDIS, uses bulk parameters
to describe the many individuals which inhabit an area of a grid, follows a yearly time increment, can
implement many diﬀerent types of disturbances, and has some spatial interactions. The forest simulation,
SORTIE, uses individual agents in a smaller landscape, can implement several types of disturbances, and
has many spatially explicit interactions. SORTIE does not necessarily implement conspeciﬁc eﬀects and
does not have local competition for resources. It was important for our model to include both individual
agents and spatially explicit interactions because these are required to properly implement conspeciﬁc
eﬀects. Additionally, a smaller time increment and local resource competition are required in order for
the replacement between generations of the landscape to be properly impacted by each species type,
especially in the presence of disturbance which will create gaps. Finally, conspeciﬁc eﬀects should be
modeled on an agent to agent basis in order to have the most spatially explicit eﬀect possible.
The agent based model is implemented on a one hectare landscape with toroidal boundary conditions.
A yearly increment is taken which follows the seasons, death of individuals, and the decay of large dead
trees in the autumn and winter, proliferation of seeds and establishment of seedlings in the ﬁrst step
of the model, and growth of healthy individuals in second step. Resource competition is accounted for
having an underlying resource surface across the landscape on which each individual in the landscape
creates impact based on its DBH. The species which were chosen were made to represent both pioneers
and late successionals and both shade tolerant and shade intolerant species. There are three main
types of disturbances in a landscapes, ones impacting low DBH individuals, ones impacting high DBH
individuals, and ones that act spatially across the landscape. Finally, conspeciﬁc eﬀects are accounted
for by measuring the resource surface inﬂuence for each species at a given location and scaling growth
and mortality rate accordingly. These eﬀects were taken to be either weak or strong between species of
the same type.
To analyze the model, each of the three types of disturbances, one impacting low DBH individuals,
one impacting high DBH individuals, and one that acts spatially, are combine with a certain type of
conspeciﬁc eﬀect, either weak or strong. These disturbances are then varied in frequency and intensity
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and certain metrics in the landscape are measured. Some of the overall eﬀects that are noted are that
the basal area is minimally impacted, the landscape has a typical amount of biomass it can support and
thus the forest creates that amount of basal area regardless of the disturbance. There are some changes
in the number of individuals and adults in the landscape for each of the disturbances.
The addition of the conspeciﬁc eﬀects increase diversity levels. The diversity increases because the
conspeciﬁc eﬀects favor the rarer species and disadvantage American beech which are the most common
species. The increase in the number of rare species with the decrease in the number of common species
allows a more balanced distribution of individuals and thus a more diverse landscape. When strong
conspeciﬁc eﬀects are combined with either a disturbance impacting low DBH individuals or the block
disturbance, the combination of advantages to yellow poplar allow the species to sustain at very high
levels, so high it appears to be in coexistence with American beech.
Next, disturbance in the landscape may give diﬀerent types of advantages. Some advantages are given
to either rare species, pioneers, or quickly growing trees. Depending on the intensity and frequency of
these disturbances, there can be vastly diﬀerent eﬀects. In the scenarios that utilized a disturbance to
low DBH individuals, large advantage was given to yellow poplar because it was a quickly growing species
and thus less likely to be impacted by the disturbance. In the scenarios that utilized a disturbance to
high DBH individuals, the advantage depended on the frequency and intensity of the disturbance. In
the scenarios that utilized a block disturbance, the pioneer species were given great advantage because
they had open areas in the landscape in which o ﬂourish.
Lastly, the inﬂuence of both the conspeciﬁc eﬀects and the disturbances can interact with an ampli-
fying eﬀect on the change in diversity, or one force can trump the other. In the overstory disturbance
scenarios, the disturbance had a much smaller role in the shaping of the landscape than did the con-
speciﬁc eﬀects. While in the block disturbance scenarios, the disturbance was primarily responsible for
the coexistence between American beech and yellow poplar. With the addition of the strong conspeciﬁc
eﬀects, the ratio of coexistence become more even, show that these two eﬀects worked together to achieve
higher levels of diversity.
Many metrics for measuring the landscape were used in the model. In the particular scenarios that
were chosen, the largest levels of change were seen in basal area, overall diversity, the beta diversity,
also the number of adults in the landscape. Another interesting change between scenario types was the
year in which yellow poplar went extinct, or whether it became coexistent with American beech. We
can further inspect these diﬀerence by considering Tables 89 through 96. Tables 89 through 92 display
the ﬁgures which corresponds to the scenarios with a high frequency disturbance. Tables 93 through 96
display graphically the results from the tables of all the scenarios. It is much easier to identify exactly
which metrics beneﬁt from which scenarios.
A further investigation of the changes in basal area with all the diﬀerent scenarios can be done
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by considering Table 89 and Table 93. A trend that is easily observed is that black cherry's survival
during the early stages of the scenario is prolonged when the strong conspeciﬁc eﬀects are introduced,
with the addition of the overstory disturbance, and the highest when the strong conspeciﬁc eﬀects are
combine with the block disturbances. This pioneer has beneﬁt when the large trees are removed from
the landscape and also when certain areas of the landscape are opened up. The fact that cherry seeds
land further away from their parents also gives large advantage to the species with the strong conspeciﬁc
eﬀect because their is little resulting inﬂuence inside the species. White oak is approaching extinction by
the end of the ﬁve hundred years when there is no disturbances and weak conspeciﬁc eﬀects. However,
with the introduction of strong conspeciﬁc eﬀects, the understory disturbance, or the spatial disturbance,
the species is more established. The introduction of the overstory disturbance in the absence of strong
conspeciﬁc eﬀects actually exacerbates the rate of extinction. In Table 93, it is clear that the disturbances
had a much less impact on the long term behavior of white oak when compared to the introduction of
the strong conspeciﬁc eﬀects.
Another crucial observation in Table 89 and Table 96 is that of whether or not yellow poplar goes
extinct, is in population decline, or coexists. Poplar goes extinct in the scenarios with weak conspeciﬁc
eﬀects and either no disturbances or a disturbance in the overstory. With the addition of the disturbance
in the overstory, the poplar go extinct in a shorter time frame. This is a result that yellow poplar are
the large species in the model. When the weak conspeciﬁc eﬀects are paired with a disturbance to the
understory, the yellow poplar are sustained through the entire simulation. With the introduction of the
block disturbance in the presence of weak conspeciﬁc eﬀects, the yellow poplar are actually in coexistence
with American beech. With the introduction of the strong conspeciﬁc eﬀects, yellow poplar is sustained
in all the scenarios. The levels of coexistence increase in the presence of the block disturbance, however
it appears that the disturbance is responsible for the coexistence. Finally, when the strong conspeciﬁc
eﬀects are combine with disturbance to the understory, yellow poplar become permanently established
in the landscape.
One of the most important observations are those of the changes in diversity. When considering
Table 90, 92 we can note some of the same trends that are seen in the basal area are present in the
diversity levels. First, in the scenario with no disturbance and weak conspeciﬁc eﬀects, the eﬀective
number of species levels out to nearly only on around half way through the scenario. None of the rare
species compete well against American beech in the long term. With the introduction of the strong
conspeciﬁc eﬀects, we can see that the number of eﬀective species in the landscape exceed one and
also that much higher levels of diversity are present throughout the duration of the simulations. The
introduction of the disturbance to the understory of the landscape increase the diversity in the presence
of either conspeciﬁc eﬀect. We can see that when the disturbance in the understory disturbance is paired
with the strong conspeciﬁc eﬀects, the levels of diversity are much greater than one. In the scenarios
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with the overstory disturbance, the biodiversity has little change. In the presence of the weak conspeciﬁc
eﬀects, the diversity is large at the start of the scenario than the case without a disturbance, however, the
scenario ends with less overall diversity. Finally, the block disturbance has the highest levels of diversity
and also appears to reach a plateau in the levels of each species more quickly.
Along with the changes in diversity from each scenario type, there are some corresponding changes in
the beta diversity. Table 91 shows the beta diversity in the landscape over time for each scenario type.
We can see that in the presence of no disturbance or the overstory disturbance, after the ﬁrst half of
a simulation, the beta diversity levels near one, showing a landscape of essentially all American beech.
With the introduction of the strong conspeciﬁc eﬀects in these scenarios, the beta diversity does increase
slightly, showing that the rarer species are not evenly mixed in the landscape. When the disturbance
in the understory is paired with the weak conspeciﬁc eﬀects, the beta diversity is no longer nearly one.
This is a result of the yellow poplar spreading in the areas that have been cleared. Finally, the highest
levels of beta diversity are seen in the scenarios which include the block disturbance. This is a clear
result from the way in which the disturbance impacts the landscape. When this disturbance destroys
a certain section of the landscape, the pioneers expand into the area and thus increase global diversity
levels.
One other interesting result is that of the changes in the number of adults in the landscape and also
the total number of individuals and basal area in the landscape. Considering Table 93 and Table 94 will
give us further insight. First, we can see that the introduction of the strong conspeciﬁc eﬀects, the overall
basal area and number of individuals decreased in the landscape. Since American beech accounts for a
vast majority of the individuals in the landscape, it is also the species most aﬀected by the change in the
conspeciﬁc eﬀects. It follows that the decrease in its numbers caused a decrease in overall basal area and
the number of established individuals. Next, the overall levels of basal area are largest in the scenarios
which had disturbances to the understory and also those which had the block disturbance. When there
is less competition at the seedling level in the landscape in these scenarios, individuals are more likely
to become more mature before dying, thus increasing the total basal area. Next, we can see that in
the scenarios with understory disturbance or a block disturbance, the number of adults in the landscape
increase. This is also a result of the decrease competition at the seedling level allowing more individuals
to mature to adulthood. However, in the scenario with the disturbance to the overstory, the number of
adults also increases. This results from the fact that this disturbance type often kills individuals which
are fully mature and thus very large. This allows several other individuals to mature to adulthood in its
place.
Also, the information in Tables 93 through 96 make it clear that high frequency, low severity distur-
bances had the largest impacts. In the presence of the understory disturbance, the change in severity
did not destroy very many more individuals than it would have otherwise, while the change in frequency
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cleared the understory very often. While considering the block disturbance, giving the pioneers frequent
chance to expand was more crucial than giving those species a much larger area to expand to.
Each disturbance type had vastly diﬀerent impacts on the landscape. The understory disturbance
cleared the understory in the landscape creating less seedling and sapling competition. This ultimately
created a situation in which yellow poplar and white oak proliferated much better, which provided
increases in diversity. The increase in frequency of the disturbance exacerbated these changes, while the
increase in severity did not have much eﬀect. The disturbance to high DBH individuals did not provide
changes or diversity levels nearly as severe as the other two disturbances. The total basal are in the
landscape would decrease, which is expected with the death of large individuals. Counter-intuitively, the
number of adults in the landscape would increase. The block disturbance had very potent changes in
the pioneer species, creating high levels of diversity and an imbalance in local and global diversity levels
as the pioneers would inhabit the cleared areas.
The change in conspeciﬁc eﬀects bought on large changes to the landscape. The most prevalent
species, American beech, decreased in its metrics substantially, no matter which disturbance was paired
with it. The rarer species were given advantage, and thus higher level of diversity were created. A state
of potential long term coexistence was noted between American beech and yellow poplar.
It is somewhat diﬃcult to separate the eﬀects of the change in conspeciﬁc eﬀects from those that
are imparted by the disturbance, however, these eﬀects do work together in some sense to make higher
levels of diversity. In the presence of a strong conspeciﬁc eﬀect, coexistence between yellow poplar
and American beech was noted. With the addition of either the understory disturbance or the block
disturbance, the ratio of coexistence between the two populations become more even, indicating that
these two eﬀects could work together to allow pioneers and late successional species live together for
extended periods of time. Block disturbance were the primary factor in creating the coexistence, while
with the addition of the strong conspeciﬁc eﬀects, much less change was seen.
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7 Future Work
Upon the completion of these ﬁrst set of scenarios, it is obvious that several changes could be made
in the model. First, the number of black cherry individuals in the landscape was not at a very highly
sustained level. Parameters in the model could be changed to bring their numbers higher, and thus this
pioneer could have more impact on the diversity in the landscape. Additional species could also easily
be added for additional complexity and possibility. Second, the initialization of the landscape creates a
situation in which the ﬁrst several iterations of the landscape change drastically. A better initialization
technique could be made in order to better capture a more static forest. The eﬀects from the overstory
disturbance were far too small, and thus this type of disturbance should have a much higher impact on
the landscape, impacting more than 25% of individuals or perhaps should be taken to be much more
frequent, once every couple of years. Next, ﬁres are a common occurrence in forest, and a combination
of a understory disturbance and a block disturbance along with some information about the density of
the local area could be used to simulate a forest ﬁre. Also, the block disturbance could be easily altered
to aﬀect non-contiguous cells. Finally, the conspeciﬁc eﬀects could be changed to represent situations in
which there are only eﬀects between one of the species, or perhaps even change with the variables of the
simulation.
The initial modeling has been ﬁnished, but much more study can be done. Common questions in forest
management are based around the clearcutting of sections of a forest. Changing the block disturbance
to cut away 100% of individuals in a particular plot on a periodic basis can be easily achieved. A study
which considers a particular type of disturbance with many changes to the conspeciﬁc eﬀects is possible.
These studies could be furthered by including changes in the conspeciﬁc eﬀects when the forest changes,
potentially decreasing instead of increasing with the light levels. Another way to vary the conspeciﬁc
eﬀects would be to have them impact only one or several species, but not all. There are many possibilities
for additional scenarios and study in this model.
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Figure 89: Comparison of Basal Area Over Time Across Scenario Types (Note this is a log scale of the values plus one).
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Figure 90: Comparison of Alpha Diversity Over Time Across Scenario Types.
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Figure 91: Comparison of Beta Diversity Over Time Across Scenario Types.
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Figure 92: Comparison of Gamma Diversity Over Time Across Scenario Types.
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